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Progress  Report:  The  p53-Deficient  Mouse  as  a  Breast  Cancer  Model 
Principal  Investigator:  Lawrence  A.  Donehower,  Ph.D. 


Introduction: 

The  p53  tumor  suppressor  gene  is  mutated  in  roughly  half  of  all  human  tumors 
examined  to  date  (1).  Approximately  30-40%  of  human  breast  cancers  have  p53 
mutations,  indicating  loss  of  p53  function  is  a  central  event  in  breast  cancer 
progression  (1).  Even  in  those  breast  cancers  where  p53  is  wild  type  in  structure,  it 
may  be  abnormally  stabilized  or  localized  within  the  cell,  suggesting  possible 
disruption  of  p53-associated  growth  control  pathways  (2).  In  addition  to  its  loss  in 
spontaneously  arising  breast  cancers,  inherited  mutations  ofthe  germ  line  p53  gene 
can  also  occur,  giving  rise  to  a  familial  cancer  predisposition  called  Li-Fraumeni 
syndrome  (3,4).  The  most  frequently  observed  tumor  in  affected  females  of  Li- 
Fraumeni  families  is  breast  cancer  (5). 

The  role  of  p53  in  the  normal  cell  appears  in  large  part  to  be  that  of  a  cell  cycle 
checkpoint  protein.  In  response  to  a  variety  of  DNA  damaging  agents,  p53  levels  in 
the  cell  increase  and  mediate  one  of  two  cell  fates:  (i)  arrest  in  G1  of  the  cell  cycle,  or 
(ii)  apoptosis  (6-8).  The  decision  to  undergo  arrest  versus  apoptosis  may  rely  on  many 
factors.  Including  cell  type,  growth  factor  levels,  and  abrogation  of  function  in  other 
growth-related  genes,  etc.  Regardless  of  which  decision  is  taken,  the  end  result  is  to 
prevent  the  cell  from  DNA  synthesis  and  division  in  the  presence  of  damaged  DNA 
templates  (9).  Thus,  the  cell  is  more  likely  to  be  spared  oncogenic  mutations  which 
could  lead  to  cancer.  In  the  absence  of  p53  (which  may  occur  in  preneoplastic  cells 
and  does  occur  in  p53-deficient  mice),  it  is  hypothesized  that  cells  would  be  more 
likely  to  become  tumorigenic  through  increased  mutation  rates  and  genomic  instability 
(9). 


The  biochemical  mechanisms  through  which  p53  mediates  its  checkpoint 
functions  are  likely  to  be  complicated,  though  clearly  transcriptional  regulation  of  key 
growth  related  genes  Is  crucial  for  its  G1  arrest  function  (8,10).  Wild  type  p53  trans- 
aclivates  the  gene,  which  encodes  a  potent  inhibitor  of  G1  cyclin- 

dependent  kinases  (11,12).  Transcriptional  activation  plays  a  role  in  p53-mediated 
apoptosis  (13),  though  which  p53  targets  are  critical  for  apoptosis  are  unclear,  in 
other  instances,  It  has  been  shown  that  p53  can  mediate  apoptosis  In  the  absence  of 
transcriptional  activation,  suggesting  multiple  mechanisms  by  which  p53  affects  cell 
death  (14,15). 

There  is  significant  evidence  that  p53-mediated  apoptosis  may  play  an 
important  role  in  suppression  of  tumors  (16-18).  Aberrant  expression  of  certain 
oncogenes  and  tumor  suppressor  genes  may  induce  high  levels  of  p53  (19,20).  When 
cells  are  induced  to  proliferate  abnormally  by  these  genes,  p53  upregulation  may 
induce  apoptosis  and  thus  protect  the  organism  from  early  tumors.  This  role  of  p53 
tumor  suppression  through  apoptosis  has  been  demonstrated  in  some  mouse  tumor 
models.  In  situations  where  Rb  function  is  abrogated  in  a  tissue,  G1  arrest  capability  is 
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often  lost  and  these  abnormally  proliferating  cells  are  induced  to  undergo  apoptosis. 
In  the  absence  of  p53,  such  Rb-deficient  tissues  may  rapidly  form  aggressive  tumors, 
arguing  that  attenuated  apoptosis  due  to  p53  loss  is  a  rate  limiting  step  in  tumor 
formation  (16-18).  / 

Is  apoptotic  function  the  primary  mechanism  by  which  p53  regulates  tumor 
progression  or  are  there  other  mechanisms?  A  number  of  in  vitro  and  in  vivo  studies 
suggest  that  loss  or  mutation  of  p53  may  have  additional  important  biological  effects 
on  tumor  formation  and  progression  (21).  Some  of  these  effects  of  p53  loss  on  tumor 
progression  may  be:  (1)  increased  rates  of  cell  proliferation  independent  of  apoptotic 
effects;  (2)  increased  levels  of  genomic  instability  in  the  tumor  cells  which  may  lead  to 
further  oncogenic  lesions;  (3)  increased  rates  of  angiogenesis,  allowing  more  nutrients 
to  nascent  tumor  cells;  and  (4)  increased  invasiveness  and  metastases.  All  of  these 
biological  effects  are  measurable,  and  an  important  goal  of  this  proposal  is  to  assess 
all  of  these  potential  tumor  progression  mechanisms  in  the  context  of  the  Wnt-1/p53 
tumor  model  described  below. 

Initially,  to  study  the  role  of  p53  in  tumorigenesis,  we  developed  a  p53-deficlent 
mouse  by  gene  targeting  methods  (22).  These  mice  contained  either  one  (p53+/-)  or 
two  (p53-/-)  inactivated  p53  germ  line  alleles.  In  comparison  to  their  normal 
littermates,  the  p53-deficient  mice  showed  accelerated  tumorigenesis.  Half  of  all 
p53+/-  mice  developed  tumors  by  18  months  of  age,  while  100%  of  p53-/-  mice 
succumbed  to  tumors  by  10  months  of  age  (23,24).  The  spectrum  of  tumors  was  quite 
variable,  though  lymphomas  and  sarcomas  were  most  frequently  observed  (23,24). 

While  the  analysis  of  tumorigenesis  in  the  p53-deficient  mice  has  yielded  a 
number  of  interesting  insights,  the  study  of  spontaneous  tumor  formation  in  these 
anirnals  has  certain  limitations  if  one  wants  to  examine  mechanistic  questions  in  an 
efficient,  well  controlled  manner.  For  example,  the  p53-deficient  mice  develop  a 
wide  array  of  tumors  sometimes  with  a  relatively  long  latency  (particularly  the  p53+/- 
mlce).  Moreover,  since  p53+/+  mice  rarely  develop  tumors,  control  tumors  which 
develop  in  a  p53-independent  manner  are  difficult  to  obtain.  To  circumvent  these 
disadvantages,  investigators  have  taken  two  general  approaches,  either  treating  the 
p53-deficient  mice  with  a  tissue-specific  carcinogen  or  crossing  the  p53-deficient  mice 
to  a  tumor-susceptible  transgenic  mouse  genetically  programmed  to  develop  a  single 
tumor  type.  The  resulting  models  usually  develop  a  single  tumor  type  in  a  relatively 
short  amount  of  time  and  control  p53+/+  tumors  are  available  to  compare  to  the  p53- 
deficient  tumors. 

The  model  we  chose  for  examination  of  the  role  of  p53  loss  In  tumor 
progression  was  the  Wnt-1  transgenic/p53-deficient  mouse  (25).  This  model  was 
generated  by  crossing  our  p53-deficient  mice  to  mammary  tumor  susceptible  Wnt-1 
transgenic  mice  (26).  Wnt-1  transgenic  females,  which  contain  a  mouse  mammary 
tumor  virus  long  terminal  repeat  promoter  driving  the  Wnt-1  oncogene,  specifically 
develop  early  mammary  gland  hyperplasia  followed  by  mammary  adenocarcinomas 
before  12  months  of  age  in  a  stochastic  manner  (26).  Thus,  our  prediction  was  that 
virtually  all  of  the  Wnt-1  transgenic  females  would  develop  mammary  adeno¬ 
carcinomas  either  in  the  presence  or  absence  of  wild  type  p53.  Such  mice  would  be 
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ideal  for  exploring  the  biological  and  genetic  effects  of  p53  presence  and  absence  in 
mammary  tumor  formation  and  progression. 

In  the  third  year  of  our  grant,  we  have  supplemented  our  Wnt-1  transgenic  p53- 
deficient  model  with  a  second  model,  the  Wnt-1  transgenic  p21 -deficient  mouse.  We 
hypothesized  that  since  the  primary  effect  of  the  presence  of  p53  in  tumors  was  to 
reduce  tumor  cell  proliferation,  one  possible  molecular  pathway  that  p53  reduced 
proliferation  was  through  induction  of  (11,12).  We  postulated  that  reduction 

or  elimination  of  p21  in  the  Wnt-1  transgenic  mouse  might  have  an  effect  on  tumor 
progression  comparable  to  that  observed  in  p53-deficient  Wnt-1  transgenic  mice. 

p21  was  first  identified  in  1993  as  a  cyclin  dependent  kinase  inhibitor  inducible 
by  p53  (11,12,27-29).  This  protein  was  found  to  be  associated  with  inactive  cyclin 
E/CDK2  complexes  that  normally  mediate  G1  to  S  phase  transition,  indicating  that  the 
primary  role  of  p21  is  to  effect  G1  arrest  (11,27,29).  Overexpression  of  p21  in 
proliferating  cells  does  indeed  result  in  G1  arrest  (30).  Moreover,  El  Deiry  et  al.  (12) 
demonstrated  that  p21  expression  is  transcriptionally  activated  by  overexpression  of 
p53,  providing  a  potential  mechanism  through  which  induced  p53  can  mediate  G1 
arrest.  Basal  p21  expression  is  independent  of  p53,  but  following  gamma  irradiation 
increased  expression  of  p21  is  partially  p53  dependent  (31).  p21  induction  has  been 
observed  in  cell  lines  undergoing  Induction  of  differentiation  or  senescence  (31 ,32). 
.p21  also  binds  PCNA  and  thus  may  inhibit  DNA  replication  (33,34). 

p21 -deficient  mice  have  been  generated  and  p21  nullizygous  mice  have  been 
shown  to  be  developmentally  normal  (35,36).  p21 -deficient  mice  also  do  not  appear 
to  be  tumor  prone,  indicating  that  p21 ,  while  a  cell  cycle  inhibitor,  is  not  a  tumor 
suppressor  in  the  biological  sense.  This  is  corroborated  by  a  failure  to  find  p21 
mutations  in  human  tumors.  Interestingly,  however,  embryo  fibroblasts  from  p21  null 
mice  do  appear  to  have  enhanced  division  capabilities  and  show  some  defects  in  G1 
arrest  following  treatment  with  DNA  damaging  agents  (35,36). 

Recent  work  by  LaBaer  et  al.  (37)  have  revealed  that  the  assembly  of  G1 
cdk/cyclin  complexes  is  actually  promoted  through  binding  to  p21 .  Moreover,  there 
appears  to  be  interesting  stoichiometric  effects  based  on  the  level  of  p21  which  binds 
to  the  cdk/cyclin  complexes.  High  levels  of  p21  inhibit  the  cdk/cyclin  complex  kinase 
activity,  while  absence  of  p21  results  in  low  kinase  activity  (probably  through  failure  of 
cdks  and  cyclins  to  form  an  active  complex).  However,  low  to  intermediate  levels  of 
p21  appear  to  provide  enough  activity  to  promote  formation  of  cdk/cyclin  complexes, 
but  not  enough  to  actively  inhibit  the  complex  kinase  activity.  The  end  result  of  low  to 
intermediate  levels  of  p21  is  enhanced  cdk/cyclin  activity  and  enhanced  progression 
of  the  cell  cycle  through  G1 .  This  model  was  directly  tested  in  our  p21/Wnt-1  crosses. 
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Body: 


Experimental  Methods 
Mice 


The  Wnt-1  mice  used  in  the  crosses  described  here  were  the  offspring  of  two 
Wnt-1  males  from  line  303  described  previously  (Tsukamoto  et  al.,  1988).  These 
mice  were  of  mixed  SJL  X  C57/BL/6  genetic  background.  The  p53-deficient  mice 
were  from  a  pure  129/Sv  line  of  mice  containing  one  or  two  germ-line  p53  null  alleles 
(38).  The  two  Wnt-1  males  were  crossed  to  heterozygous  {p53+l-)  129/Sv  females  to 
derive  FI  mice  of  four  possible  genotypes  {p53+/+',  Wnt-1  p53+/+;  p53+l-‘,  Wnt-1 
p53+l-).  FI  p53+/-  females  were  crossed  to  FI  Wnt-1  p53  +/-  males  to  obtain  F2  mice 
that  carried  any  of  the  Wnt-1  p53  genotypes  found  in  the  FI  population  as  well  as 
Wnt-1  p53-l-  or  p53-l- .  To  obtain  larger  numbers  of  mice  with  p53-/-  genotypes  with  or 
without  the  Wnt-1  transgene,  F2  p53-l-  females  were  mated  to  Wnt-1  p53-/-  males.  All 
of  the  mice  were  monitored  visually  twice  weekly  for  the  appearance  of  tumors  for  up 
to  one  year.  When  a  tumor  of  roughly  0.5  centimeters  in  diameter  was  detected,  the 
age  of  the  mouse  was  recorded  and  used  to  generate  the  Kaplan-Meier  plots  in  Fig.  1. 
After  appearance,  the  growth  of  the  tumor  was  monitored  by  measurement  in  two 
dimensions  of  the  diameter  with  a  set  of  calipers.  Once  a  tumor  reached  2-2.5  cm  in 
diameter,  the  tumor-bearing  mouse  was  sacrificed,  and  tissue  sections  removed  for 
histopathology.  The  rest  of  the  tumor  was  frozen  at  -70°C  for  nucleic  acid  analyses. 

The  p21 -deficient  mice  used  in  this  study  were  obtained  from  Phil  Leder  and 
have  been  described  in  Deng  et  al.  (35).  Female  p21-/-  mice  were  crossed  to  Wnt-1 
transgenic  males  and  FI  mice  were  intercrossed  in  a  manner  similar  to  that  described 
for  the  p53-deficient  Wnt-1  transgenic  mice  described  above.  Ultimately,  when 
sufficient  numbers  of  p21+/+,  p21+/-,  and  p21-/-  Wnt-1  transgenic  females  were 
obtained,  these  were  monitored  for  mammary  tumor  formation. 


Genotyping  of  Mice 

We  determined  the  p53  and  Wnt-1  genotypes  of  the  offspring  from  the  crosses 
using  previously  described  methods  (25,26).  Briefly,  1  cm  of  tail  was  clipped  from 

weanling  mice  and  incubated  overnight  at  55-60“  C  in  500  pi  of  tail  lysis  buffer  (50  mM 
Tris-HCI  pH  7.5, 50  mM  EDTA  pH  8.0, 100  mM  NaCI,  5  mM  DTT,  200  pg/ml  Proteinase 
K).  Lysates  were  extracted  with  phenol  chloroform  and  precipitated  in  two  volumes 
ethanol.  Pellets  were  resuspended  in  100  pi  TE  (10  mM  Tris-HCI,  pH  8.0,  1  mM 

EDTA).  Five  pi  of  each  tail  DMA  was  cleaved  with  Bam  HI  (2-16  hr  at  37°  C)  and 
subjected  to  agarose  gel  electrophoresis  on  a  0.7%  gel.  The  gel  was  then  blotted  to 
nylon  membranes  (Bio-Rad  Zetaprobe  membranes)  and  hybridized  according  to  the 
Southern  blot  hybridization  procedures  of  Reed  and  Mann  (39).  Wnt-1  probes  and 
g53  probes  were  utilized  simultaneously  in  the  hybridization  and  were  labelled  with 

“p  with  an  oligo  labelling  kit  provided  by  Boehringer-Mannheim.  Filters  were  rinsed 
and  subjected  to  autoradiography.  The  p53  wild  type  allele  (5.0  kb),  mutant  p53  allele 
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(6.5  kb),  Wnt-1  transgene  (3.0  kb),  and  endogenous  Wnt-1  gene  (2.0  kb)  could  easily 
be  differentiated  by  this  procedure. 

p21  genotypes  of  p21 -deficient  Wnt-1  transgenic  mice  were  determined  as 
described  in  Deng  et  al.  (35). 


p53  Loss  of  Heterozygosity  Assays 

These  assays  were  performed  by  Southern  blot  hybridization  procedures 
identical  to  those  described  above  for  genotyping  except  that  small  pieces  of 
mammary  tumor  tissue  were  used  instead  of  tail.  Roughly  half  of  the  tumors  displayed 
loss  of  the  remaining  wild  type  p53  allele  while  half  retained  it  by  Southern  assay  (25). 


Tumor  Transplantation  Assays 

Either  10'*,  10®,  or  10®  tumor  cells  isolated  from  primary  mammary  tumors  were 
transplanted  into  the  inguinal  mammary  fat  pads  of  female  SCID  hosts  8-16  weeks  of 
age.  These  tumor  cells  developed  into  tumors  whose  diameter  and  growth  rates  were 
measured  by  calipers  over  a  period  of  6  weeks.  The  tumor  cells  were  isolated  from  the 
tumors  by  mincing  with  a  sterile  razor  blade  followed  by  a  3  hour  incubation  at  37°C  in 
DMEM;F12,  collagenase  and  antibiotics  as  described  by  Kittrell  et  al.  (40).  The  tumor 
cells  were  spun  down  and  then  rinsed  three  times  with  PBS  containing  5%  ABS  to 
inactivate  the  Collagenase.  The  cells  were  then  resuspended  in  DMEM:F12  and  an 
aliquot  was  counted  on  a  hemacytometer.  Approximately  10  pi  containing  the 
appropriate  number  of  cells  were  then  injected  into  the  inguinal  fat  pad  of  female  SCID 
hosts. 


Mitotic  index  Counts 

A  determination  of  the  number  of  mitotic  figures  in  each  tumor  section  was 
performed  as  follows;  Mitotic  figures  (cells  containing  obvious  condensed 
chromosomes  in  various  stages  of  mitosis)  were  counted  in  10  random  high  power 
fields  at  or  near  the  edges  of  standard  hematoxylin  and  eosin  stained  tumor  cross 
sections. 


BrdU  incorporation 

BrdU  incorporation  was  performed  using  the  Cell  Proliferation  Kit  from 
Amersham  (RPN  20).  Briefly,  1  ml  of  BrdU  (from  kit)  per  50  grams  body  weight  of  the 
mouse  was  injected  intraperitonealiy.  The  labeling  of  cells  was  allowed  to  proceed  for 
three  hours  at  which  time  tumors  were  harvested  and  fixed  in  methacarn  fixative 
solution  overnight.  Samples  were  then  transferred  to  acetone  for  at  least  three  hours 
and  then  stored  in  95%  ethanol  until  embedding  in  paraffin.  Sections  were  stained  for 
BrdU  incorporation  as  follows:  Samples  were  deparaffinized  by  washing  twice  in 
xylene,  twice  in  100%  ethanol  and  once  in  70%  ethanol.  Samples  were  then 
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rehydrated  in  PBS  for  20  minutes.  Endogenous  peroxidase  activity  was  quenched  by 
immersing  samples  in  3%  hydrogen  peroxide  for  five  minutes  followed  by  two  10 
minute  rinses  In  PBS.  The  samples  were  then  incubated  at  37°  C  for  one  hour  with 
nuclease  and  Antl-BrdU  antibody  (Kit),  followed  by  a  20  minute  wash  with  PBST  and 
10  minutes  with  PBS.  This  was  followed  by  incubation  with  the  secondary  antibody  for 
30  minutes  at  37°  C.  Samples  were  then  washed  for  10  minutes  with  PBST  and  twice 
for  10  minutes  with  PBS.  Substrate  was  provided  in  the  form  of  DAB  In  lx  PBS  for  10 
minutes.  Counterstaining  is  done  with  Methyl  Green  for  5  minutes  followed  by  dipping 
in  butanol,  100%  ethanol,  and  xylene.  Samples  were  then  mounted  with  Permount. 


Flow  Cytometry 

The  DNA  content  of  tumor  samples  was  assessed  in  nuclei  isolated  from 
paraffin  embedded  samples  based  on  a  modification  of  Medley's  method  (41). 
Nuclear  suspensions  were  prepared  from  five  50  pm  sections,  a  4  pm  section  was  cut 
before  and  after  the  50  pm  sections  to  confirm  that  histologically  comparable  sections 
were  being  used.  The  samples  were  deparaffinized  using  two  50  minute  xylene 
washes  at  25°  C.  The  cells  were  then  rehydrated  using  successive  incubations  with 
ethanol,  two  per  dilution,  100%,  95%,  70%,  50%  and  distilled  water.  Between  each 
concentration  of  ethanol  there  is  a  50  minute  incubation  at  25°  C  to  make  a  cell 
suspension.  To  make  this  a  single  cell  suspension  the  cells  were  treated  with  a  0.5% 
pepsin  solution  at  37°  C  for  30  minutes.  Filtration  through  a  74  pm  mesh  (Small  Parts 
Inc.,  Miami,  FL)  resulted  in  a  nuclear  suspension  which  was  stained  using  the 
Vindelov  technique  (42).  For  a  procedural  control  fresh  chicken  erythrocyte  nuclei 
(CEN)  (Accurate  Chemical  &  Scientific  Co.,  Westbury,  NY)  were  used.  A  five  microliter 
solution  of  a  20,000,000  CEN/ml  suspension  was  added  to  the  sample  prior  to  the 
DNA  staining  step. 

The  sample  used  for  actual  DNA  flow  analysis  was  acquired  of  a  FACScan  flow 
cytometer  using  the  ModFitLT  software  with  doublet  discrimination  from  Becton 
Dickinson,  San  Jose,  CA.  Twenty  thousand  events  were  collected  using  the  gating 
parameters  of  FL2-W  versus  FL2-A.  Histograms  were  generated  to  determine  the 
percentage  of  cells  in  each  stage  of  the  cell  cycle.  The  Coefficient  of  Variation  (CV) 
was  determined  for  the  diploid  G0/G1  peak  for  all  cases.  Only  those  samples  with 
CV's  of  less  than  8%  were  used. 


DNA  Fragmentation  Assay 

Genomic  DNA  was  isolated  from  frozen  tumor  tissue  by  methods  similar  to 
those  described  for  the  ioss  of  heterozygosity  procedure  except  that  pelleting  of  the 
DNA  utilized  30  minute  centrifugations  rather  than  five  minute  centrifugations.  Twenty 
micrograms  of  total  DNA  from  each  tumor  was  then  run  out  on  a  1 .5%  agarose  gel. 
The  gel  was  blotted  using  standard  Southern  blot  procedures  (28)  and  probed  using  a 
total  mouse  genomic  probe  cleaved  with  Mae  ill  and  labelled  with  ®^P  through  the  oligo 
labeiling  procedure  with  the  High  Prime  labelling  kit  (Boehringer-Mannheim). 
Following  autoradiography  of  the  Southern  blot,  the  radioactivity  on  the  filters  was 
imaged  and  quantitated  using  a  Molecular  Dynamics  phosphorimager.  The  amount  of 


10 


Donehower 


hybridization  in  the  low  molecular  weight  ladder  bands  (apoptotic  fragments)  of  each 
lane  was  divided  by  the  total  amount  of  hybridizing  radioactivity  (after  subtracting 
background)  in  that  lane  to  obtain  an  estimate  of  the  percentage  apoptotic  DNA. 


TUNEL  Assay 

The  TUNEL  assay  was  performed  using  the  TAGS™  2  TdT  In  Situ  Apoptosis 
Detection  Kit  (Trevigen,  Gaithersburg,  MD).  Briefly,  4  pm  sections  on  slides  were 
deparaffinized  by  heating  at  57°  C  for  20  minutes  followed  by  placing  in  xylene  for  1 0 
minutes  at  room  temperature.  This  was  followed  by  another  5  minute  xylene  wash,  a  5 
minute  100%  ethanol  wash,  a  5  minute  95%  ethanol  wash  and  a  70%  ethanol  wash 
for  a  further  5  minutes.  The  slides  were  then  rinsed  twice  in  distilled  water  for  2 
minutes  each  followed  by  a  rehydration  in  PBS  for  10  min.  The  samples  were  then 
digested  for  10  minutes  at  room  temperature  with  Proteinase  K  (Wt).  Endogenous 
peroxidases  were  then  quenched  using  3%  hydrogen  peroxide  for  5  minutes.  The 
fragmented  DNA  ends  present  in  apoptotic  cells  were  then  extended  using  TdT,  Mn++, 
biotin  dNTP's  in  labeling  buffer  (Kit).  This  reaction  mix  was  added  to  the  samples  and 
allowed  to  incubate  at  37°  C  for  1  hour.  The  reaction  was  stopped  and  rinsed  for  2 
minutes  in  PBS.  Streptavidin-HRP  conjugate  was  then  allowed  to  bind  to  the 
incorporated  biotin-dNTPs  at  room  temperature  for  15  minutes.  Substrate  was 
provided  in  the  form  of  DAB  and  the  color  reaction  was  allowed  to  proceed  for  5 
minutes  at  room  temperature.  Counterstaining  was  performed  for  5  minutes  with  1 .0% 
methyl  green  (Kit).  Samples  were  dipped  briefly  in  butanoi,  100%  ethanol  and  xylene. 
Finally,  samples  were  mounted  with  Permount. 


Immunoblot  detection  of  antibodies  in  mammary  tumors 

Equivalent  amounts  of  protein  from  mouse  tumors  were  separated  by  SDS 
polyacrylamide  gel  electrophoresis  using  15%  resolving  gels,  transferred  to  Immobilon 
P  membrane  (Millipore),  and  immunoblotted  with  either  anti-mouse  IgG  (H+L) 
antibodies  (Pierce),  mouse  kappa  or  lambda  chain-specific  antibodies  (Cappeil),  or 
tumor  bearing  serum  as  previously  described  (43,44). 


Teiomerase,  telomerase  RNA,  and  telomere  assays 

The  procedures  for  these  assays  are  described  in  Broccoli  et  al.  (45). 


Angiogenesis  assays 

Blank  slides  containing  5  micron  sections  of  tumor  tissue  were  deparafinized  by 
10  minute  and  5  minute  incubations  in  xylene,  following  by  3  minute  sequential 
incubations  in  100%  ethanol,  95%  ethanol,  70%  ethanol,  and  three  incubations  in 
phosphate  buffered  saline  (PBS),  one  10  minute  incubation  in  3%  hydrogen  peroxide, 
and  two  2  minute  washes  in  PBS.  Antigen  retrieval  was  then  performed  by  15  minute 
incubation  in  Proteinase  K  solution  (1  pi  enzyme  in  50  pi  water  from  the  Trevigen 
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Apoptosis  Kit),  followed  by  three  washes  for  5  minutes  in  PBS.  Blocking  was 
performed  by  incubation  with  10%  goat  serum  in  PBS  for  30  minutes.  Then,  the 
primary  Factor  VIII  antibody  (A-0082  from  DAKO;  1:200  dilution  in  10%  goat  serum) 
was  incubated  on  the  slide  overnight  at  4“  C  in  a  humidified  chamber.  The  slide  was 
equilibrated  to  room  temperature,  and  washed  three  times  in  PBS  (the  first  wash 
contained  2%  Tween).  The  secondary  biotinylated  antibody  (DAKO  E-0432)  was  then 
added  (diluted  1 :300  in  blocking  solution)  for  45  minutes  at  room  temperature  in  a 
humidified  chamber.  The  slide  was  then  washed  three  times  by  five  minute 
incubations  in  PBS  (the  first  wash  contained  2%  Tween).  The  slide  was  then 
incubated  for  30  minutes  at  room  temperature  with  the  ABC  reagents  (streptavidin 
peroxidase  from  Vector  Labs),  followed  by  three  washes  in  PBS  and  incubation  in 
diaminobenzidine  (250  |xl  in  50  ml  PBS,  30%  HgOg  from  Trevigen)  for  13  minutes.  The 
slide  was  then  washed  in  PBS  for  one  minute  followed  by  2  minutes  in  1%  methyl 
green  and  three  washes  for  30  seconds  in  butanol,  ethanol,  and  xylene.  Finally,  the 
slide  was  mounted  with  Permount  and  visuallized  at  200X  magnification. 

Tumor  angiogenesis  was  quantitated  by  counting  the  number  of  stained 
capillaries  in  10  random  high  powered  fields  at  200X  magnification  along  the  tumor 
edge.  The  mean  value  of  number  of  microvessels  per  field  was  then  determined.  Ten 
tumors  per  p53  genotype  group  were  investigated  by  this  method. 


Differential  display 

Initially,  to  perform  differential  display,  we  isolated  mRNAs  from  4  l»Vnf-f/p53+/+ 
tumors,  4  IVnf- f/p53+/-  LOH  tumors,  and  4  lVnf-f/p53-/-  tumors  using  the  Invitrogen 
mRNA  purification  kit  according  to  the  manufacturer’s  specifications.  cDNAs  were  then 
synthesized  from  these  12  mRNAs  using  the  Clontech  Delta  RNA  Fingerprinting  Kit 
according  to  the  manufacturer’s  specifications.  For  each  of  the  12  cDNAs,  one  of 
ninety  primer  pair  combinations  provided  by  the  Clontech  kit  was  used  to  amplify  the 
cDNA  through  25  PCR  cycles  according  the  Clontech  specifications.  Each  reaction 
contained  alpha  ®®P-dATP  to  label  the  amplified  fragments.  Each  of  the  12 
amplification  reactions  were  then  loaded  on  a  5%  denaturing  polyacrylamide  gel  and 
electrophoresed.  Autoradiography  revealed  a  series  of  bands  for  each  tumor  mRNA 
which  were  almost  always  identical  for  all  twelve  tumors.  Occasionally,  differentially 
expressed  bands  were  observed  for  a  single  tumor.  These  were  usually  ignored. 
However,  if  differentially  expressed  bands  were  observed  among  three  or  four  tumors 
of  a  given  given  genotype,  these  bands  were  isolated  from  the  gel  and  reamplified 
with  the  same  primers  used  initially. 

To  confirm  that  the  differentially  PCR  fragments  were  indeed  differentially 
expressed,  candidate  reamplified  DNAs  were  labelled  with  by  oligo  labelling 
(Boehringer  Mannheim  High  Prime  kit)  and  hybridized  to  a  Northern  blot  containing  5 
|xg  of  15  tumor  mRNAs,  five  from  Wnt-1/p53+/+  tumors,  five  from  Wnt-1/p53+/-  LOH 
tumors,  and  five  from  Wnt-1/p53-/-  tumors.  Following  autoradiography,  the 
comparative  expression  patterns  were  observed.  In  at  least  one  case  (out  of  four 
candidate  fragments  examined  so  far),  the  initial  differential  expression  pattern  was 
confirmed  in  the  Northern  blot  analysis. 
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In  Vitro  Invasion  Assay 

Matrigel  chambers  from  Becton-Dickinson  were  rehydrated  with  DMEM:F12 
medium  for  two  hours.  Cell  suspensions  of  4.4  X  10®  mammary  tumor  cells  in 
DMEM:F12  with  Insulin  were  prepared.  These  cell  suspensions  were  placed  in  the 
matrigel  chamber  insert.  The  insert  was  then  placed  ina  six  well  companion  plate 
containing  DMEM:F12  with  insulin,  2%  serum,  and  EGF.  Cell  culture  inserts  were 
removed  after  a  24  hour  incubation.  Cells  and  matrigel  were  wiped  from  the  top  of  the 
insert  using  a  cotton  swab.  The  bottom  of  the  insert  was  then  stained  using  a  Diff- 
Quick  staining  kit  from  Dade  Diagnostics.  The  insert  membraned  was  removed  with  a 
razor  blade  and  placed  on  a  microscope  and  slide  with  immersion  oil.  Cells  passing 
through  the  membrane  were  then  counted  at  200X  magnification. 
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Results 

(1)  Data  from  first  year  of  grant 

To  provide  the  background  for  the  second  and  third  year’s  progress,  I  felt  it  was 
necessary  to  briefly  outline  the  progress  in  the  first  year.  First,  After  crossing  the  p53- 
deficient  mice  to  the  Wnt-1  transgenic  mice,  we  monitored  tumor  formation  in  the 
various  categories  of  offspring.  We  will  focus  on  the  Wnt-1  transgenic  females  in  the 
remainder  of  this  report.  Appearance  of  mammary  tumors  in  the  Wnt-1  transgenic 
females  was  greatly  accelerated  in  the  absence  of  p53  (p53-/-)  (Figure  1).  All  of  the 
Wnt-1  p53-/-  females  developed  mammary  adenocarcinomas  by  15  weeks  of  age  and 
very  few  developed  lymphomas  or  other  spontaneous  tumors  characteristic  of  the 
p53-/-  mice.  Wnt-1  p53+/+  females  showed  a  delayed  mammary  tumor  incidence  with 
100%  developing  adenocarcinomas  by  41  weeks  of  age.  Interestingly,  Wnt-1  p53+/- 
females  exhibited  the  same  mammary  tumor  incidence  as  Wnt-1  p53+/+  females,  even 
in  those  cases  where  the  p53+/-  tumor  showed  loss  of  the  remaining  wild  type  allele. 
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Figure  1 . 


In  order  to  obtain  insights  into  the  mechanisms  by  which  loss  of  p53 
accelerated  tumorigenesis,  we  analyzed  the  chromosomal  complement  of  the  Wnt-1- 
initiated  mammary  tumors  in  the  presence  and  absence  of  p53.  Previous  in  vitro 
studies  had  shown  that  the  loss  of  p53  correlated  with  genomic  instability.  Using  two 
different  methods,  classical  cytogenetics  and  comparative  genomic  hybridization,  we 
showed  that  loss  or  absence  of  p53  correlated  quite  well  with  increased  genomic 
instability.  A  summary  of  the  comparative  genomic  hybridization  (CGH)  results  is 
shown  on  the  next  page  (Table  1).  It  should  be  noted  here  that  roughly  half  of  the 
p53+/-  tumors  lose  their  remaining  wild  type  allele  (referred  to  as  p53+/-  LOH)  and 
roughly  half  of  the  tumors  appear  to  retain  their  wild  type  allele  (referred  to  as  p53+/- 
no  LOH)  as  assayed  by  Southern  blot  hybridizaton.  Sequencing  of  the  p53  cDNA  in 
four  p53+/-  tumors  which  retained  the  wild  type  allele  showed  no  point  mutations  in  the 
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remaining  p53  gene  and  no  down  regulation  of  RNA  expression,  suggesting  that  wild 
type  p53  function  is  retained  in  this  category  of  p53+/-  tumors. 


Table  1.  Summary  of  CGH  Abnormalities  in  Wnt-1  Mammary  Adenocarcinomas 


p53  Genotype 

Tumors  with 

Chromosome 

Abnormalities 

Average  Number 
of  Chromosome 
Abnormalities  per  Tumor 

p53+/+ 

2/6 

0.3 

p53+/-  (no  LOH) 

2/4 

1.0 

p53+/-  (LOH) 

8/8 

4.2 

p53-/- 

7/7 

1.7 

Tumors  missing  p53  (p53+/-  LOH  and  p53-/-)  showed  significantly  higher  rates 
of  chromosomal  abnormalities,  supporting  the  argument  that  loss  of  p53  promotes 
genomic  instability.  Surprisingly,  Table  1  also  shows  that  p53+/-  tumors  which  lose 
their  remaining  wild  type  p53  allele  have  even  more  chromosomal  abnormalities  than 
p53-/-  tumors.  We  are  unsure  why  this  would  be  so,  but  have  speculated  that  p53+/- 
tumors  have  to  undergo  more  mutations  than  p53-/-  tumors  because  of  environmental 
effects  (i.e.  organisms  with  no  p53  may  not  be  able  to  express  certain  extracellular 
inhibitors  of  tumor  growth).  Interestingly,  the  chromosomal  abnormalities  observed  in 
the  p53-deficient  tumors  were  non-random  in  nature,  suggesting  a  selection  for  certain 
chromosomal  lesions  which  might  provide  a  growth  advantage.  These  results  indicate 
that  genomic  instability  does  play  a  role  in  the  progression  of  these  tumors  and  that 
loss  or  absence  of  p53  may  contribute  to  tumor  progression  in  part  through  this 
mechanism. 


(2)  Results  in  second  year  of  grant 

In  the  second  year  of  the  grant  our  primary  focus  was  to  determine  some  of  the 
biological  mechanisms  by  which  loss  or  absence  of  p53  accelerates  mammary 
tumorigenesis  in  the  Wnt-1  transgenic  p53-deficient  model.  In  the  first  year  we 
concentrated  on  the  involvement  of  genomic  instability  In  tumor  progression.  In  the 
second  year  we  looked  at  three  potential  additional  mechanisms:  (i)  cell  cycle 
progression  and  proliferation;  (ii)  apoptosis  (programmed  cell  death);  and  (iii)  telomere 
and  telomerase  effects.  The  first  two  parameters  are  obviously  of  critical  importance 
in  the  growth  of  the  tumor  as  the  tumor  growth  is  a  direct  function  of  the  rate  of  cell 
division  minus  the  rate  of  cell  death.  There  has  been  significant  evidence  from  other 
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tumor  models  that  loss  of  p53  is  accompanied  by  attenuated  apoptosis  and  that  this 
event  might  be  a  rate  limiting  step  in  tumor  formation  (16-18). 

(a)  mammary  tumor  growth  in  the  presence  and  absence  of  p53 


Our  first  set  of  studies  entailed  some  followup  experiments  on  the  tumor 
incidence  data  shown  in  Figure  1.  The  data  in  Figure  1  measures  the  time  to  first 
appearance  of  a  visible  tumor.  Such  curves  may  reflect  early  events  in  tumor 
formation.  However,  we  wanted  to  more  effectively  measure  the  rates  of  tumor  growth 
once  the  tumor  is  first  observed.  To  do  this,  we  measured  the  rate  of  tumor  volume 
growth  over  time  after  initial  observation.  Tumor  diameters  in  two  dimensions  were 
measured  with  calipers  at  weekly  intervals  and  tumor  volumes  could  then  be 
estimated  from  these  measurements.  We  found  that  while  the  rate  of  tumor  volume 
growth  for  each  p53  genotype  was  quite  variable,  the  average  growth  of  tumors 
missing  p53  was  faster  than  those  containing  p53  (Figure  2). 


Figure  2. 
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We  also  performed  tumor  transplantation  experiments  in  which  we  transplanted 
10®  tumor  cells  from  each  tumor  and  injected  them  into  the  same  inguinal  mammary 
fat  pad  of  genetically  indentical  recipient  SCID  mice.  Virtually  all  of  the 
transplantations  with  10®  tumor  cells  formed  tumors  which  grew  gradually  enough  to 
easily  differentiate  between  fast  growing  and  slow  growing  tumors.  The  transplant 
experiments  also  had  a  number  of  advantages  over  the  primary  tumor  measurements. 
We  were  starting  with  the  same  number  of  tumor  cells  (10®),  injected  into  the  same 
inguinal  mammary  fat  pad,  in  genetically  identical  p53+/+  female  SCID  hosts  between 
8  and  16  weeks  of  age.  Therefore,  tumor  growth  rates  are  more  likely  to  be 
dependent  only  on  the  properties  of  the  tumor  cells  and  not  those  of  the  host.  The 
results  did  not  show  the  expected  straightfonArard  correlation  between  growth  rate  and 
p53  status.  However,  the  p53+/+  tumors  did  show  the  slowest  growth  rates,  and  the 
p53+/-  LOH  tumors,  after  a  slow  start,  had  the  fastest  growth  rate.  Interestingly,  the 
p53-/-  tumor  cells,  which  showed  the  fastest  growth  rate  as  primary  tumors,  showed 
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slower  growth  rates  than  even  the  p53+/-  no  LOH  tumors.  We  speculated  that  such 
slow  rates  were  attributable  to  an  environmental  effect.  That  is,  organisms  with  intact 
p53  (such  as  the  p53+/+  SCID  hosts  in  these  experiments)  may  release  an  inhibitor  of 
tumor  growth  which  . p53-/-  tumor  cells  have  never  been  exposed  to  in  the  primary 
tumor.  Therefore,  it  may  take  more  time  for  the  p53-/-  tumor  cells  to  evolve  the 
appropriate  mutations  to.  overcome  this  inhibition.  However,  these  experiments 
partially  corroborated  the  primary  tumor  data  in  that  the  absence  or  loss  of  p53  tended 
to  result  in  an  increase  in  mammary  tumor  cell  growth  rates. 


(b)  tumor  cell  proliferation  and  celi  cycle  progression 

Probably  the  most  obvious  mechanism  by  which  p53  loss  could  result  in 
elevated  tumor  cell  growth  is  through  increased  rates  of  cell  division.  We  had  shown 
previously  that  early  passage  p53-/-  embryo  fibroblasts  divide  more  rapidly  than  their 
p53+/+  counterparts  and  have  higher  percentages  of  cells  in  S  phase  (46).  To  assess 
rates  of  cell  division  in  the  mammary  tumors  in  the  presence  and  absence  of  p53,  we 
employed  three  different  techniques:  (i)  mitotic  index  determinations;  (ii)  BrdU 
incorporation  assays;  and  (iii)  flow  cytometry  on  fixed  tumor  cells.  The  mitotic  index  for 
each  tumor  was  easily  determined  by  counting  the  percentage  of  cells  in  a  tumor  in 
multiple  microscopic  fields  which  are  clearly  in  mitosis  through  the  identification  of 
condensed  chromatids  in  the  fixed  H  &  E  sections.  Two  individuals  performed  these 
counts  in  a  blinded  fashion  and  obtained  similar  results.  These  are  shown  in  Table  2 
below. 


Table  2.  Mitotic  Index  of  Wnt-1  Mammary  Adenocarcinomas 


p53  Genotype 

Mean  Mitoses“ 

#  Tumors  Examined 

p53+/+ 

16.7 

9 

p53+/-  (No  LOH) 

23.8 

6 

p53+/-  (LOH) 

40.0 

7 

p53-/- 

37.0 

10 

“Mean  number  of  mitoses  per  ten  high  power  fields 


The  results  above  clearly  indicate  that  cells  which  either  lack  or  lose  p53  show 
higher  frequencies  of  mitosis  as  measured  by  this  assay.  To  confirm  that  tumors 
without  p53  also  have  higher  percentages  of  cells  in  S  phase,  we  employed  a  BrdU 
Incorporation  assay.  BrdU  was  injected  into  the  tumor  bearing  animals  three  hours 
prior  to  sacrifice.  Tumor  cells  in  S  phase  during  this  three  hour  window  were  detected 
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by  incubation  of  the  tumor  sections  with  an  anti-BrdU  antibody.  When  the  results  were 
carefully  quantitated,  we  again  found  that  the  p53+/-  LOH  and  p53-/-  tumors  had 
higher  percentages  of  cells  in  S  phase  than  p53+/+  and  p53+/-  no  LOH  tumors. 

Our  final  assay  for  cell  proliferation  involved  flow  cytometry  on  tumor  cells  from 
fixed  sections  of  tumors  to  determine  the  DMA  index  and  S-phase  fraction.  23  Wnt- 
f/p53  tumors  were  examined  by  flow  cytometry  and  the  results  are  indicated  in  Figure 
6  of  Jones  et  al.  (47;  see  appended  reprint).  As  expected,  tumors  losing  or  missing 
p53  had  higher  fractions  of  cells  in  S  phase.  p53+/-  LOH  showed  significantly  higher 
S  phase  fractions  than  all  other  p53  genotypes.  This  result  Is  consistent  with  the 
earlier  mitotic  index  data.  Interestingly,  flow  cytometry  indicated  that  all  five  p53+/- 
LOH  tumors  were  aneuploid  while  none  of  the  other  twelve  tumors  (including  p53-/- 
tumors)  appeared  to  have  significant  aneuploid  fractions.  This  result  was  also 
consistent  with  the  comparative  genomic  hybridization  data  presented  in  Table  1. 

(c)  apoptosis 

The  growth  rate  of  a  tumor  is  likely  to  be  influenced  by  at  least  two  processes, 
the  rate  of  cell  division  and  the  rate  of  cel!  death.  We  have  shown  strong  evidence 
above  that  in  the  Wnt-1  mammary  tumor  model  the  absence  of  p53  increases  cell 
divison  rates  over  those  seen  in  tumors  with  intact  p53.  However,  studies  on  other 
mouse  tumor  models  have  indicated  that  loss  of  p53  in  a  tumor  cell  may  be 
accompanied  by  attenuated  apoptosis  and  increased  survival  (16-18).  To  determine 
whether  p53  loss  was  accompanied  by  decreased  apoptosis  in  our  Wnt-1/p53  model 
we  analyzed  apoptosis  by  two  methods,  the  TUNEL  assay  and  DMA  fragmentation 
assay.  The  TUNEL  assay  specifically  labels  nuclei  with  free  DNA  ends.  Such  free 
ends  are  signature  events  in  apoptotic  cells.  We  employed  this  assay  on  both  normal 
and  hyperplastic  mammary  glands  and  mammary  tumors  from  the  Wnf- f/p53  mice. 
Apoptosis  levels  were  very  low  in  both  normal  and  hyperplastic  mammary  glands  in 
the  presence  and  absence  of  p53  (47;  Figure  3  in  Jones  et  al.)  When  mammary 
tumors  were  examined  by  TUNEL  assay,  Wnt-1  tumors  had  low  levels  of  apoptosis  in 
both  p53  positive  and  negative  tumors  and  there  was  not  a  significant  difference 
among  the  tumors  (47;  Figure  2  in  Jones  et  al.) 

p53  status  plays  little  or  no  role  in  levels  of  apoptosis  in  the  tumors  in  this  model 
and  this  was  further  confirmed  by  a  DNA  fragmentation  assay  on  the  tumors.  With  this 
assay,  there  was  not  a  great  difference  in  the  intensity  of  apoptotic  DNA  (represented 
by  the  discrete  bands  in  the  low  molecular  weight  region  of  the  gel  following 
quantitation  with  the  Molecular  Dynamics  Phosphorimager).  If  anything,  we  noted  that 
p53-/-  tumors  had  marginally  higher  percentages  of  apoptotic  DNA  compared  to 
p53+/+  tumors  (47;  Figure  4  of  Jones  et  al.).  Thus,  our  data  supports  the  hypothesis 
that  the  increased  tumor  growth  rate  observed  in  the  tumors  lacking  p53  is  likely  to  be 
a  result  of  increased  proliferation  rate  rather  than  decreased  apoptotic  function. 


(d)  antibody  deposition  in  Wnt-1  mammary  adenocarcinomas 

In  a  collaborative  effort  with  Wafik  El-Deiry  at  the  University  of  Pennsylvania 
School  of  Medicine,  we  investigated  protein  expression  In  p53-deficient 
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tumors  and  IVnt-y  mammary  tumors.  Using  primarily  immunoblot  assays,  assessment 
of  p21  in  the  tumors  tended  to  be  variable  and  inconclusive.  However,  it  was  quickly 
noted  that  tumors  from  mice  which  had  intact  p53  (e.g.  Wnt-1  p53+/+  mice)  had  high 
levels  of  mouse  light' and  heavy  chain  antibody  deposition  within  the  tumor  tissue.  In 
contrast,  mice  without  p53  (e.g.  Wnt-1  p53-/-  mice)  had  very  low  levels  of  antibody 
deposition  within  the  tumor.  Six  of  seven  Wnt-1  p53+/+  tumors  had  high  levels  of 
antibodies,  while  six  of  seven  Wnt-1  p53-/-  tumors  had  very  low  levels  of  antibodies 
(44;  Figure  2C  and  Table  2  of  Shick  et  al.  accompanying  progress  report).  Moreover, 
sera  from  tumor-bearing  Wnt-1  p53+/+  mice  recognized  multiple  antigens  in  extracts 
from  their  own  tumors.  Sera  from  tumor-bearing  Wnt-1  p53-/-  mice  had  substantially 
reduced  reactivity  with  tumor  antigens  in  their  own  tumors. 


(e)  telomere  length,  telomerase,  and  telomerase  RNA 

In  collaboration  with  Titia  de  Lange  at  the  Rockefeller,  we  were  fortunate  in 
being  able  to  examine  the  contribution  of  telomerase  and  telomere  degradation  to 
tumor  initiation  and  progression  in  the  Wnt-1  transgenic  p53-deficient  model  (45). 
Some  models  of  cancer  formation  implicate  activation  of  telomerase  activity  as  a 
critical  event  in  tumor  formation,  since  normal  human  cells  in  culture  show  both  low 
telomerase  activity  and  decreasing  telomere  size  with  passaging  (48).  Immortalized 
human  cells  and  tumor  cells  often  show  increased  telomere  size  and  high  levels  of 
telomerase.  It  is  postulated  that  early  stage  tumors  may  lose  telomere  function  due  to 
progressive  shortening  (49).  This  may  lead  to  activation  of  DMA  damage  checkpoints, 
followed  by  cell  cycle  arrest  and  apoptosis.  In  tumors  that  have  lost  the  ability  to  detect 
uncapped  chromosome  ends  (e.g.  p53-deficient  cells),  telomere  malfunction  may  lead 
to  genomic  instability  and  accelerated  tumor  progression  (49). 

To  test  these  possibilities,  we  compared  telomere  length,  telomerase  RNA,  and 
telomerase  activities  in  the  normal  mammary  glands  and  mammary  adenocarcinomas 
of  the  Wnt-1  transgenic  p53-deficient  mice  (45).  Interestingly,  mouse  telomere  length 
did  not  greatly  vary  in  length  between  normal  and  tumor  tissue,  irrespective  of  p53 
status,  suggesting  that  decreasing  telomere  length  is  not  an  issue  in  mouse  mammary 
tumorigenesis.  Telomerase  RNA  was  increased  in  amount  in  the  mammary  tumors 
compared  to  normal  mammary  glands,  but  p53  status  had  no  apparent  effect  on  the 
telomerase  RNA  levels.  The  most  dramatic  result  was  the  high  levels  of  telomerase 
activity  observed  in  mammary  tumors  but  not  in  the  normal  mammary  glands  or 
hyperplastic  mammary  glands  (Table  3).  There  was  a  slight  effect  of  p53  status  on 
telomerase  activity  in  the  mammary  tumors.  p53-/-  mammary  tumors  had  roughly  two 
fold  more  telomerase  activity  than  p53+/+  tumors.  However,  it  is  unclear  whether  this 
slight  increase  in  telomerase  activity  may  have  a  significant  effect  on  tumor  initiation 
and  progression  in  the  p53-/-  mice.  The  most  likely  conclusion  is  that  loss  or  absence 
of  p53  has  little  or  no  effect  on  telomere  status  in  mouse  mammary  tumors. 
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Table  3.  Activation  of  telomerase  in  Wnt-1  mammary  tumors 
in  mice  with  different  p53  genotypes 
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Type  of  sample 

Telomerase  activity® 

p53-/-  normal  mammary  gland 
MG1-/- 

9.3 

MG  2-1- 

4.5 

MG  3-/- 

18.3 

Median 

9.3 

p53+/+  mammary  tumor 

W2 

17 

W10 

11 

W30 

36 

W134 

54 

W151 

24 

Median 

24 

p53-/-  mammary  tumor 

W98 

100 

W121 

94 

W154 

56 

W177 

14 

W184 

55 

Median 

54 

®  Telomerase  activity  is  expressed  as  relative  specific  activity 
normalized  to  a  mouse  J558  standard.  Average  percent  activity 
was  determined  from  two  to  six  assays. 


(3)  Results  in  third  year  of  grant 

(a)  angiogenesis  assays  in  Wnt-1  transgenic,  p53-deficient  mice 

Recent  studies  have  impiicated  p53  as  a  potential  regulator  of  angiogenesis. 
Thrombospondin-1 ,  an  inhibitor  of  angiogenesis,  has  been  shown  to  be  activated  by 
wild  type  p53  (50).  Thus,  loss  of  p53  may  positively  affect  the  ability  of  tumors  to 
undergo  neovascularization.  To  test  this  possibility,  we  performed  immunostaining  on 
sections  taken  from  the  Wnt-1/p53  tumors  using  an  anti  Factor  VIII  antibody.  Factor  VIII 
staining  is  frequently  used  as  a  marker  for  capillaries  and  vasculature.  Thus,  by 
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examining  the  degree  of  Factor  VIII  staining  in  a  tumor  section,  one  can  get  an  idea  of 
the  degree  of  vascularization  of  that  tumor.  We  were  successful  in  obtaining  Factor  VIII 
staining  in  our  tumor  samples,  but  when  we  attempted  to  quantitate  the  degree  of 
staining,  we  were  unable  to  detect  significant  differences  in  tumor  capillary  density  by 
several  methods  of  quantitation  (Fig.  3).  Thus,  in  this  particular  in  vivo  context,  late 
stage  tumors  do  not  show  evidence  of  p53-dependent  differences  in  angiogenesis. 
However,  this  does  not  rule  out  the  possibility  that  p53  may  have  an  effect  during  early 
stages  of  tumorigenesis. 

Factor  VIII  Staining  For  Microvessels 


Figure  3. 
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(b)  invasiveness  and  metastasis  assays 


Evidence  from  other  models  suggested  that  p53  loss  could  potentially 
accelerate  invasiveness  and  metastasis.  To  test  this  possibility  in  our  Wnt-1/p53 
model,  we  initially  tested  l»Vnf-7/p53+/+  and  Wnt-Hp53-I-  mammary  tumor  cells  in  the 
Marigei  chamber  in  vitro  invasion  assay  (Becton-Dickinson).  Briefly,  this  assay 
consists  of  placing  cells  on  an  artificial  extracellular  matrix  overlaying  a  8  micron 
porous  membrane.  The  matrigel  matrix  serves  as  a  reconstituted  basement 
membrane  in  vitro.  Those  cells  able  to  penetrate  the  matrigel  and  the  porous 
membrane  are  considered  invasive.  Despite  many  efforts  and  changing  a  number  of 
variables  with  our  mammary  tumor  lines,  we  were  unable  to  generate  any  significant 
numbers  of  invasive  cells  regardless  of  p53  genotype. 


To  assess  metastasis  in  the  Wnt-1  transgenic  model,  we  have  examined  the 
lungs  of  the  tumor  bearing  mice  for  metastatic  nodules.  While  metastases  are 
relatively  rare  In  the  Wnt-1  transgenic  mouse,  when  they  occur  they  usually  arise  in  the 
lungs  (H.  Varmus,  personal  communication).  So  far,  in  comparing  the  p53+  and  p53- 
tumors,  we  have  failed  to  detect  any  differences  in  the  rate  at  which  the  tumor  bearing 
mice  display  any  lung  metastases  in  the  presence  and  absence  of  p53.  Thus,  we 
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have  concluded  that  this  model  is  not  a  particularly  good  one  for  studying  the 
mechanisms  of  p53  in  affecting  metastasis. 

(c)  differential  display  to  identify  p53-regulated  genes  in  tumorigenesis 

Given  the  differences  in  tumor  appearance  and  tumor  progression  we  have 
observed  in  our  model  in  the  presence  and  absence  of  p53,  we  thought  it  might  be 
possible  to  detect  p53-dependent  differences  in  gene  expression  patterns  through  a 
differential  display  approach.  Because  p53  is  a  transcriptional  regulatory  protein 
which  both  activates  and  represses  cellular  genes,  it  is  possible  that  at  least  some 
genes  should  show  differential  expression  in  the  presence  and  absence  of  p53.  We 
attempted  to  identify  p53-dependent  differences  in  expression  in  our  p53+  and  p53- 
Wnt-1  tumors  using  the  differential  display  approaches  originally  developed  by  Liang 
and  Pardee  (51 ,52).  Identification  of  mRNAs  expressed  only  in  p53+  tumors  or  only  in 
p53-  tumors  could  provide  insights  into  the  biochemical  mechanisms  by  which  p53 
loss  accelerates  tumor  growth  and  progression.  In  addition,  this  approach  may  identify 
novel  p53  target  genes.  This  technique  has  been  well  publicized  (51 .52),  so  details  of 
the  methodology  will  not  be  reiterated  here. 


We  have  used  several  variations  on  this  approach  in  our  preliminary 
experiments,  but  have  recently  relied  on  the  Clontech  kit  (Delta  RNA  Fingerprinting  Kit) 
which  appears  to  work  very  well.  We  have  purified  mRNA  from  p53+/+,  p53+/-  LOH 
and  p53-/-  Wnt-1  mammary  tumors  (four  separate  tumors  of  each  genotype)  and 
subjected  them  to  differential  display  analysis  using  the  90  different  upstream  and 
downstream  primer  combinations  supplied  in  the  kit.  We  used  multiple  tumors  of  each 
genotype  because  there  is  likely  to  be  intertumor  variation  which  is  not  dependent  on 
p53.  Only  when  we  observed  consistent  differences  between  p53+  and  p53-  tumors 
did  we  proceed  further  and  isolate  the  differentially  expressed  bands.  Fragments 
which  showed  such  p53  specific  patterns  were  isolated  from  the  gel  and  subjected  to  a 
further  round  of  PGR  prior  to  cloning  in  a  vector  designed  for  PGR  fragments.  We  have 
completed  the  initial  differential  display  analysis  and  have  isolated  20  fragments  which 
show  evidence  of  consistent  differences  in  the  presence  and  absence  of  p53. 
Gorroboration  of  the  differential  expression  patterns  has  been  initiated  by  Northern 
blot  analysis  of  the  mRNAs  from  the  p53+  and  p53-  tumors.  An  example  of  one  probe 
which  has  displayed  p53-specific  genotype  differences  is  shown  below  in  Fig.  4. 


Figure  4. 


Tumor  mRNAs; 
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Note  that  while  all  of  the  p53+/+  tumors  demonstrate  high  levels  of  expression  of  this 
message,  only  2  of  5  p53-/-  tumors  express  this  message,  and  at  considerably  lower 
levels  than  p53+/+  tumors.  Moreover,  the  p53+/-  LOH  tumors  also  display  decreased 
levels  of  this  message,  suggesting  that  this  message  is  expressed  in  a  partially  p53- 
dependent  manner.  The  upper  band  represents  a  control  probe  for  loading  which  is 
expressed  equally  in  all  genotypes.  Once  we  have  identified  all  of  the  differentially 
expressed  fragments  by  Northern  blot  analysis,  the  inserts  will  then  be  sequenced  at 
the  local  sequencing  core  to  determine  their  identity. 

(d)  tumor  incidence  and  growth  in  WnM  transgenic  p21 -deficient  mice 


Recentiy,  we  have  crossed  the  WnM  mice  to  p21  knockout  mice  obtained  from 
Phii  Leder.  The  WnM  transgenic  female  offspring  of  all  three  p21  genotypes  have 
been  examined  for  mammary  tumor  incidence  and  tumor  growth  rates.  We  found  that 
while  p21  status  (p21+/+,  p21+/-,  or  p21-/-)  had  little  discernable  effect  on  when  the 
WnM  initiated  mammary  tumors  arose,  the  growth  rates  of  the  tumors  did  show  p21- 
dependent  differences.  p21+/+  tumors  showed  the  simiiar  siow  growth  observed  in 
p53+/+  WnM  transgenic  mice.  However,  the  WnM/p2^+/-  tumors  showed 
dramatically  higher  growth  rates  than  p21+/+  tumors,  similar  to  the  growth  rates 
previously  obsen/ed  for  WnMlp53-l-  tumors  (Fig.  5). 


Figure  5. 


Interestingly,  the  WnM/p2^-/-  tumors  showed  growth  rates  equivalent  to  the  Wnt- 
7/p21+/+  tumors.  These  growth  rate  differences  were  confirmed  by  mitotic  index 
assays  and  BrdU  incorporation  assays  which  demonstrated  significantiy  higher 
fractions  of  p21+/-  tumor  cells  in  mitosis  and  S  phase  compared  to  p21+/+  and  p21-/- 
tumor  cells.  Figure  6  on  the  next  page  shows  the  relative  mitotic  index  for  the  WnM 
transgenic  tumors  of  all  three  p21  genotypes.  While  the  differences  in  mitotic  index 
are  not  as  dramatic  as  in  the  tumor  growth  curves,  they  are  significant  by  t-test. 
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Note  again  that  the  p21+/-  tumors  appear  to  have  the  highest  mitotic  rates.  No 
differences  in  apoptosis  rates  were  observed  among  the  tumor  types,  indicating  that 
the  growth  rate  differences  were  driven  by  proliferation  rather  than  cell  death.  These 
results  were  a  bit  surprising  since  it  was  expected  that  absence  of  p21  altogether 
might  have  an  accelerated  effect  on  tumor  growth  as  well.  However,  the  recent  paper 
by  LaBaer  et  al.  (37)  provides  a  potential  explanation.  High  levels  of  p21  inhibit  the 
kinase  activity  of  cyclin/cdk  complexes,  while  the  absence  of  p21  is  important  in 
assembly  of  the  cyclin/cdk  complexes.  However,  low  to  intermediate  levels  of  p21 
appear  to  be  sufficient  to  allow  assembly  of  the  cyclin/cdk  complexes  without  being 
inhibitory  to  kinase  activity  of  the  complex.  The  apparent  result  is  enhanced  cell  cycle 
progression  in  the  presence  of  reduced  p21  (as  is  observed  for  the  p21+/-  tumors). 

(e)  p21  protein  assays 

To  further  understand  the  mechanisms  by  which  a  reduced  level  of  p21 
accelerates  tumor  growth  rates  while  absence  of  p21  has  little  or  no  effect  on  tumor 
growth,  we  have  initiated  assays  to  directly  examine  p21  protein  levels  in  the  p21/Wnt- 
1  tumors.  Initially,  we  have  performed  western  blots  on  tumor  lysates  from  p21+/+, 
p21+/-,  and  p21-/*  WnM  transgenic  tumors.  However,  with  a  series  of  commercially 
available  antibodies  to  p21,  we  have  failed  to  consistently  detect  p21  in  our  lysates 
(including  positive  controls).  Recently,  we  have  obtained  a  polyclonal  antibody  to 
mouse  p21  from  Wafik  El-Deiry  and  preliminary  indications  are  that  this  antibody 
works  quite  well.  We  will  continue  to  use  this  in  Westerns  to  determine  whether 
reduction  in  p21  protein  is  associated  with  increased  tumor  growth  rates  and  then  we 
will  attempt  to  determine  the  association  of  p21  with  the  cyclin/cdk  complexes  and  the 
kinase  activity  of  these  complexes. 
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CONCLUSIONS 

The  data  presented  in  this  report  argue  that  p53  loss  or  absence  may  contribute 
to  tumorigenesis  by  a  variety  of  different  mechanisms.  Tumors  without  p53  appear  to 
grow  and  progress  faster  than  tumors  which  contain  p53.  Surprisingly,  while  other 
mouse  tumor  models  have  demonstrated  that  loss  of  p53  is  accompanied  by 
attenuated  apoptosis  (16-18),  we  have  shown  in  our  model  that  apoptosis  is  likely  to 
have  little  or  no  role  in  tumor  progression.  The  reasons  for  the  apoptotic 
independence  in  our  model  are  unclear  but  it  may  have  to  do  with  the  growth  factor 
environment  of  the  nascent  tumor  cells.  In  vitro  assays  often  show  that  apoptosis  can 
only  be  induced  in  the  absence  of  certain  growth  factors.  The  nascent  IVhf- Mnitiated 
tumor  cell  may  be  bathed  in  Wnt-1  growth  factor  and  this  may  prevent  any  apoptotic 
pathways  from  being  activated.  However,  this  apoptotic  independence  makes  our 
model  particularly  useful  in  teasing  out  other  p53-dependent  mechanisms  which  may 
influence  tumor  progression. 

In  the  first  two  years  of  this  grant  we  have  attempted  to  identify  some  of  these 
alternative  mechanisms.  Among  these  are  increased  genomic  instability  in  the 
absence  of  p53  and  Increased  proliferative  capacity.  Interestingly,  while  the  tumors 
with  the  most  genomic  instability,  the  p53+/-  (LOH)  tumors,  have  the  highest 
proliferative  rates,  they  do  not  arise  any  sooner  than  p53+/+  tumors.  This  suggests 
that  genomic  instability  plays  a  role  in  tumor  progression  but  not  tumor  initiation.  In 
addition,  tumor  cells  missing  or  losing  p53  appear  to  have  a  higher  percentage  of  cells 
in  S  phase,  suggesting  that  p53  may  play  a  direct  role  in  decreasing  tumor  growth  rate 
through  its  growth  arrest  function  (through  checkpoint  inhibition  of  progression  through 
G1  and  G2  or  through  direct  Inhibition  of  DNA  replication). 

We  also  examined  the  effects  of  p53  loss  on  telomere  function  in  the  presence 
and  absence  of  p53  in  our  mammary  tumor  model.  Telomeres  themselves  appear  to 
maintain  their  structure  during  tumor  progression,  though  telomerase  activity  is  greatly 
increased.  However,  this  telomerase  increase  appears  to  be  mostly  p53-independent, 
arguing  against  a  role  for  p53  in  this  particular  aspect  of  the  tumorigenesis  process. 

Through  serendipity,  we  discovered  that  Wnt-1  mice  lacking  p53  have  greatly 
reduced  amounts  of  heavy  and  light  chain  antibodies  deposited  in  their  tumors  than 
Wnt-1  mice  with  intact  p53.  The  Wnt-1  p53-/-  mice  also  seem  to  be  less  able  to  mount 
an  immune  response  to  tumor  antigens  that  Wnt-1  p53-f/+  mice  are  quite  capable  of 
recognizing.  Such  results  argue  that  immune  surveillance  of  nascent  tumors  in  mice 
lacking  p53  may  be  deficient  and  this  may  be  part  of  the  reason  for  the  accelerated 
tumor  incidence  in  Wnt-1  p53-/-  mice  (see  Figure  1). 

In  the  third  year  of  the  grant  we  have  extended  our  work  on  the  Wnt-1/p53 
model  and  have  attempted  to  detect  a  p53-dependent  effect  on  angiogenesis  in  the 
mammary  tumors.  However,  we  have  failed  to  detect  significant  differences  in  the 
degree  of  vascularization  of  p53-<-  and  p53-  tumors,  suggesting  either  that  p53  does 
not  affect  angiogenesis  in  this  model  or  that  it  does  have  a  rate  limiting  effect,  but  only 
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in  the  early  stages  of  tumor  initiation  and  formation.  If  so.  then  it  would  be  difficult  for 
us  to  discern  this  early  effect  by  looking  at  end  stage  tumors. 

Since  the  p53-dependent  effects  on  tumor  progression  in  our  model  are 
primarily  related  to  cell  proliferation,  we  decided  to  explore  this  mechanistically  by 
investigating  the  role  of  p21  in  this  process.  Since  p21  is  induced  by  p53  and  retards 
cell  cycle  progression  through  binding  cyclin/cdk  complexes,  it  is  a  natural  candidate 
for  investigation  of  p53  dependent  mechanisms  of  tumor  cell  proliferation.  When  we 
crossed  the  p21  knockout  mice  to  the  Wnt-1  transgenic  mice,  we  found  that  the  Wnt-1 
transgenic  females  developed  tumors  at  about  the  same  incidence  regardless  of  p21 
status.  However,  only  the  p21+/-  Wnt-1  females  exhibited  fast  growing  tumors.  This 
dosage  effect  of  reduced  p21  is  consistent  with  the  stoichiometric  model  proposed  by 
Harlow  and  colleagues  (37)  in  which  high  levels  of  p21  (e.g.  in  p21+/+  tumors)  inhibit 
the  kinase  activity  of  the  cyclin/cdk  complex,  but  that  low  levels  (e.g.  in  p21+/-  tumors) 
can  stimulate  the  complex  activity.  Moreover,  since  p21  appears  actually  to  be  an 
important  assembly  factor  for  some  cyclin/cdk  complexes,  its  complete  absence  (e.g.  in 
p21-/-  tumors)  may  actually  be  inhibitory  for  cell  cycle  progression.  We  hope  to 
investigate  this  model  further  in  the  final  year  of  the  grant  by  examining  p21  protein 
and  its  effects  on  the  cyclin/cdk  complexes  in  the  tumor  cells. 

In  summary,  in  the  first  three  years  of  this  grant,  we  have  attempted  to  more  fully 
answer  mechanistic  questions  about  the  role  of  p53  loss  in  mammary  tumor 
progression  in  our  Wnt-1  p53  model.  We  have  shown  that  increased  genomic 
instability  and  increased  cell  proliferation  rates  (independent  of  apoptosis)  accompany 
loss  of  p53.  Through  collaborative  efforts  we  have  also  examined  telomere  status  and 
immune  function  in  our  model.  The  roles  of  angiogenesis  and  p21  in  the 
tumorigenesis  process  have  also  been  explored  in  the  last  year.  In  the  next  year,  we 
hope  to  identify  other  mechanisms,  further  understand  the  role  of  p21  in  the  tumor 
progression  process,  and  identify  particular  genes  (through  differential  display)  which 
may  mediate  these  important  mechanisms.  We  do  believe  that  the  results  achieved  so 
far  validate  the  Wnt-1  transgenic  p53-deficient  mouse  as  a  highly  useful  model  for 
these  types  of  studies. 
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Efforts  to  Fulfill  the  Statement  of  Work: 

AIM  1 :  FURTHER  CHARACTERIZATION  OF  TUMORIGENESIS  IN  THE  p53/Wnt-1 
MICE 

MONTHS  25-36: 

COMPLETION  OF  TUMOR  BIOLOGY  STUDIES  OF  p53/Wnt-1  MICE 

1 .  TUMOR  GROWTH  RATES  -  Completed 

2.  TUMOR  CELL  APOPTOTIC  RATES  -  Completed 

3.  IN  VIVO  TUMOR  CELL  PROLIFERATION  RATES  -  Completed 

4.  IN  VITRO  TUMOR  CELL  PROLIFERATION  RATES  -  Completed 

MONTHS  25-48: 

COMPLETION  OF  TUMOR  BIOLOGY  STUDIES  OF  p53/Wnt-1  MICE 

1.  INVASIVENESS  AND  METASTASIS  ASSAYS  -Completed 

2.  TUMOR  ANGIOGENESIS  ASSAYS  -  Completed 

Aim  1  Comments: 

This  specific  aim  has  been  compieted  and  the  resuits  have  been  published  in 
the  Cell  Growth  &  Differentiation  paper  (see  appendix).  The  invasiveness/metastasis 
assays  and  angiogenesis  assays  have  been  largely  negative  in  showing  any 
difference  between  p53+  and  p53-  tumors  and  thus  these  approaches  have  not  been 
pursued  further. 

AIM  2:  FURTHER  BIOLOGICAL  STUDIES  OF  CO-FACTORS  WHICH  INFLUENCE 
TUMORIGENESIS  IN  p53/Wnt-1  MICE 

MONTHS  25-48: 

CHARACTERIZATION  OF  RNA  EXPRESSION  PATTERNS  OF  KNOWN  GENES 
WHICH  MAY  INFLUENCE  TUMORIGENESIS  IN  THE  PRESENCE  AND  ABSENCE  OF 
p53 

1.  p21  -  In  progress 

2.  Bax  -  Not  vet  performed 

3.  Bcl-2  -  Not  vet  performed 

4.  Histone  H4  -  In  progress 

5.  Cyclin  D1  -  Not  yet  performed 

6.  bFGF  -  Not  vet  performed 

7.  VEGF  -  In  progress 

8.  Thrombospondin-1  -  In  progress 

Aim  2  comments: 

So  far,  we  have  placed  most  of  our  efforts  in  studying  the  role  of  p21  in  affecting 
tumor  progression  through  the  p2^-Wnt-1  crosses  and  western  blot  assays.  We  have 
initiated  RNAse  protection  assays  for  VEGF  and  thrombospondin-1  mRNA  expression, 
but  the  technical  aspects  of  RNAse  protection  are  still  being  worked  out.  Since 
apoptosis  has  not  really  been  affected  by  the  presence  or  absence  of  p53  in  this 
model,  we  have  placed  less  priority  in  studying  Bax  and  Bcl-2. 
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AIM  3:  IDENTIFICATION  OF  OTHER  ONCOGENE  AND  TUMOR  SUPPRESSOR 
GENE  LOCI  ASSOCIATED  WITH  MAMMARY  TUMORIGENESIS 

MONTHS  25-48: 

DIFFERENTIAL  DISPLAY  TO  IDENTIFY  NOVEL  GENES  DIFFERENTIALLY 
EXPRESSED  IN  THE  PRESENCE  AND  ABSENCE  OF  p53 
In  Progress 

MONTHS  37-48: 

ISOLATION  AND  CHARACTERIZATION  OF  DIFFERENTIALLY  EXPRESSED  GENES 
In  Progress 

Aim  3  Comments: 

We  have  made  good  progress  on  this  specific  aim,  having  screened  90  primer 
pairs  in  the  differential  display  procedures  and  identifying  20  differentially  expressed 
candidate  fragments.  Initial  screening  of  several  candidate  fragments  by  Northern  blot 
analysis  has  revealed  at  least  one  bona  fide  differentially  expressed  gene  (see  Fig.  4). 
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Appendix: 

Two  reprints  published  in  the  last  year  which  describe  some  of  the  work 
outlined  above  are  appended  here: 

Jones  JM,  Attardi  L,  Godley  LA,  Laucirica  R,  Medina  D,  Jacks  T,  Varmus  HE, 
Donehower  LA  (1997)  Absence  of  p53  in  a  mouse  mammary  tumor  model  promotes 
tumor  cell  proliferation  without  affecting  apoptosis.  Cell  Growth  &  Different.  8:829-838 

Shick  L,  Carman  JH,  Choi  JK,  Somasundarum  K,  Burrell  M,  Hill  DE,  Zeng  Y-X,  Wang 
Y,  Wiman  KG,  Salhany  K,  Kadesch  TR,  Monroe  JG,  Donehower  LA,  and  El-Deiry  WS 
(1997).  Decreased  immunoglobulin  deposition  in  tumors  and  increased  immature  B 
cells  in  p53-null  mice.  Cell  Growth  &  Different.  8, 121-131. 


In  addition  to  the  above  two  reprints,  I  have  included  our  original  Genes  & 
Development  paper  which  describes  the  Wir7M/p53  model  in  more  detail  and  provides 
the  foundation  for  the  subsequent  work  reported  here: 

Donehower  LA,  Godley  LA,  Aldaz  CM,  Pyle  R.  Shi  Y-P,  Pinkel  D,  Gray  J,  Bradley  A, 
Medina  D,  Varmus  HE  (1995)  Deficiency  of  p53  accelerates  mammary  tumorigenesis 
in  Wnt-1  transgenic  mice  and  promotes  chromosomal  instability.  Genes  &  Dev  9:882- 
895. 
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Abstract 

Loss  or  mutation  of  p53  may  have  multiple  biological 
and  genetic  effects  that  result  in  accelerated  tumor 
progression.  Loss  of  p53  in  some  tumors  has  been 
correlated  with  a  marked  decrease  in  tumor  cell 
apoptosis.  p53  loss  may  also  accelerate  tumor  growth 
through  an  increase  in  cell  proliferation  rates.  To 
examine  the  effects  of  p53  loss  on  tumor  progression 
in  a  controlled  experimental  context,  we  previously 
crossed  p53-deficient  mice  to  mammary  tumor- 
susceptible  Wnt-1  transgenic  (TG)  mice.  The  resulting 
female  Wnt~1  TG  offspring  of  this  cross  all  developed 
mammary  tumors,  regardless  of  p53  status  (p53+/+, 
p53+/~,  or  p53-/-).  However,  female  p53-/-  Wnt-1 
TG  mice  developed  tumors  much  sooner  than  their 
p53+/+  counterparts.  In  this  report,  we  demonstrate 
that  the  average  growth  rates  of  tumors  missing 
(p53-/-)  or  losing  p53  (p53+/-  with  loss  of 
heterozygosity)  are  accelerated  compared  to  tumors 
with  both  wild-type  p53  alleles  (p53+/+).  This 
accelerated  growth  rate  appears  to  be  due  primarily  to 
increases  in  rates  of  tumor  cell  proliferation.  Tumor 
cell  apoptotic  levels  were  modest  and  were  not 
measurably  different  in  the  presence  or  absence  of 
wild -type  p53.  These  results  differ  substantially  from 
other  mouse  tumor  models  in  which  p53  loss  was 
closely  correlated  with  accelerated  growth  rates 
through  attenuated  apoptosis.  Thus,  the  mechanisms 
by  which  p53  loss  influences  tumor  progression  may 
differ,  depending  on  the  tissue  type  and/or  the 
oncogenic  pathways  involved. 
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Introduction 

The  importance  of  p53  as  a  tumor  suppressor  gene  is  indi¬ 
cated  by  its  being  lost  or  mutated  in  almost  one- half  of  all 
human  cancers  (1).  Human  breast  cancers  have  been  found 
to  have  mutated  p53  alleles  In  28%  of  all  cases  (2).  With 
respect  to  the  role  of  p53  dysfunction  in  breast  tumors,  this 
number  may  be  an  underestimate,  because  it  does  not  in¬ 
clude  tumors  found  to  contain  p53  protein  rendered  non¬ 
functional  through  cytoplasmic  sequestration  (3,  4)  or  by 
binding  to  the  overexpressed  oncogenic  protein  Mdm2  (5-7). 

p53  is  a  cell  cycle  checkpoint  protein  that  regulates  pro¬ 
gression  through  (8,  9)  and  Gg-M  (10-12)  phases  of  the 
cell  cycle.  p53  levels  are  greatly  increased  in  cells  following 
treatment  by  a  variety  of  DNA-damaging  agents,  particularly 
those  that  Introduce  DMA  strand  breaks  (8,  9,  13).  Up-regu¬ 
lated  p53  can  induce  either  cell  cycle  arrest  in  late  G^  (8,  9, 
1 3, 14)  or  apoptosis  (15-1 7).  The  decision  to  enter  apoptosis 
rather  than  arrest  in  G-,  may  be  Influenced  by  a  number  of 
endogenous  and  exogenous  factors  including  cell  type  (18), 
p53  levels  (19),  and  environmental  growth  factor  concentra¬ 
tions  (1 4,  20),  Wild-type  p53  is  a  potent  inducer  of  apoptosis 
in  tumor  cells  following  treatment  with  ionizing  radiation  or 
anticancer  agents  (21).  Moreover,  wild-type  p53  may  inhibit 
tumor  growth  and  progression  by  Inducing  apoptosis  when 
cells  are  rapidly  dividing  following  altered  expression  of  an 
oncogene  or  tumor  suppressor  gene  (22-25). 

Multiple  groups  have  shown  In  mouse  tumor  models  that 
loss  of  wild-type  p53  converts  a  tissue  or  slow-growing 
tumor  with  high  levels  of  apoptotic  cells  to  a  rapidly  growing 
tumor  with  minimal  numbers  of  cells  undergoing  apoptosis 
(26-28).  For  example,  Symonds  et  al.  (26)  have  demon¬ 
strated  that  transgenic  mice  that  express  high  levels  of  a 
truncated  large  T  antigen  (which  inactivates  Rb  protein  but 
not  p53)  in  the  choroid  plexus  develop  slowly  growing  cho¬ 
roid  plexus  tumors  with  high  levels  of  apoptosis.  When  these 
mice  are  crossed  to  p53-deficient  mice,  the  progeny  with  the 
T  antigen  transgene,  but  missing  p53  (p53-/-),  develop 
rapidly  growing  choroid  plexus  tumors  with  a  low  apoptotic 
index.  This  indicates  that  p53-induced  apoptosis  may  be  the 
primary  mechanism  governing  the  slow  growth  rate  of  these 
tumors. 

Loss  or  mutation  of  p53  in  human  tumors  has  been  cor¬ 
related  with  increased  aggressiveness  and  poor  prognosis 
(2,  29,  30).  Although  this  increased  aggressiveness  may  be 
due  in  part  to  attenuated  apoptosis,  loss  of  p53  may  affect 
tumor  progression  by  additional  mechanisms.  One  possible 
effect  of  p53  loss  is  an  increase  in  genomic  instability.  Cell 
culture  studies  have  documented  that  loss  of  p53  is  closely 
associated  with  chromosomal  instability  (31-34).  If  loss  of 
p53  in  a  tumor  cell  confers  genomic  instability,  then  the  rate 
of  appearance  of  further  oncogenic  lesions  is  likely  to  be 
increased.  Some  of  these  oncogenic  lesions  could  result  in  a 
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significant  growth  advantage  and  accelerate  tumor  progres¬ 
sion.  There  appears  to  be  a  high  degree  of  correlation  be¬ 
tween  p53  mutation  and  increased  chromosomal  instability 
In  a  variety  of  human  tumor  types  (35-38). 

Another  result  of  p53  loss  in  a  tumor  might  be  an  increase 
in  the  rate  of  cell  proliferation  due  to  a  higher  percentage  of 
tumor  cells  entering  and  progressing  through  the  cell  cycle. 
Wild-type  p53  is  known  to  activate  expression  of  the 
p21  WAF1/CIP1  cyclin-dependent  kinase  inhibitor  (39),  a  protein 
important  in  mediating  Gi  arrest  (40).  Loss  of  p53  may  pre¬ 
vent  activation  of  p21  and  other  cell  cycle  inhibitors  and 
allow  a  higher  fraction  of  cells  to  traverse  G-,  and  enter  S 
phase.  In  support  of  this,  we  have  shown  that  early  passage 
mouse  fibroblasts  from  p53-/-  embryos  proliferate  more 
rapidly  and  have  a  higher  percentage  of  cells  in  S  phase  and 
mitosis  than  p53+/+  fibroblasts  cultured  under  identical 
conditions  (34).  Human  tumors  with  overexpressed  mutant 
p53  also  tend  to  express  markers  that  suggest  a  higher  rate 
of  proliferation  than  tumors  with  intact  p53  (41-44). 

To  examine  the  effects  of  p53  presence  or  absence  on 
tumor  progression  in  a  controlled  experimental  breast  cancer 
model,  we  have  used  the  offspring  of  mammary  tumor-sus¬ 
ceptible  Wnt-1  TG^  mice  crossed  to  p53-deficlent  mice.  The 
Wnt-1  TG  mice  contain  multiple  copies  of  the  Wnt-1  onco¬ 
gene  expressed  ectopically  at  high  levels  in  the  mammary 
gland  (45).  The  p53-deficient  mice,  generated  by  gene  tar¬ 
geting  in  embryonic  stem  cells,  contain  one  (p53-{-/-)  or  two 
(p53-/-)  disrupted  germ-line  p53  alleles  and  are  suscepti¬ 
ble  to  a  wide  array  of  tumor  types  (46).  By  crossing  the 
p53-deficlent  mice  to  the  Wnt-1  TG  mice,  we  were  able  to 
obtain  a  tumor  model  with  distinct  advantages:  (a)  Wnt-1  TG 
females  all  develop  the  same  type  of  mammary  tumor  (type 
B  adenocarcinoma),  regardless  of  p53  status  (p53-t-/+, 
p53+/-,  or  p53-/-);  (b)  the  mice  all  develop  tumors  within 
a  relatively  short  amount  of  time  (2-9  months  after  birth);  (c) 
mammary  tumorigenesis  can  be  monitored  both  in  the  pres¬ 
ence  and  absence  of  p53  (the  p53+/+  Wnt-1  TG  females 
serve  as  controls  to  monitor  p53-independent  mechanisms 
of  tumorigenesis);  and  (d)  the  mammary  tumors  are  s.c.  and 
therefore,  can  be  detected  early  and  measured  easily  for 
rates  of  growth  (47). 

In  an  earlier  study  of  Wnt-1  TG  p53-deficient  mice  (47),  we 
showed  that  in  the  absence  of  p53,  Wnt-1  females  all  devel¬ 
oped  mammary  tumors  by  15  weeks  of  age,  whereas 
p53+/+  and  p53+/-  Wnt-1  females  had  longer  survival 
rates  and  did  not  all  develop  tumors  until  42  weeks  of  age. 
We  also  found  that  mammary  tumors  from  p53-/-  mice  and 
from  p53+/-  mice  that  lost  their  remaining  wild-type  allele 
(LOH)  had  significantly  higher  rates  of  chromosomal  insta¬ 
bility  than  p53+/+  tumors.  In  the  earlier  study,  we  focused 
on  tumor  initiation  (/.e.,  when  the  tumors  first  appeared).  In 
this  study,  we  have  attempted  to  address  the  issue  of  tumor 
growth  after  initial  formation.  Does  the  presence  or  absence 
of  p53  Influence  tumor  growth  rates,  and  if  so,  what  are  the 


^  The  abbreviations  used  are:  TG,  transgenic;  LOH,  loss  of  heterozygosity; 
TUNEL,  terminal  deoxy nucleotidyl  transferase-mediated  nick  end  label¬ 
ing;  MMTV,  mouse  mammary  tumor  virus. 
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Fig.  1.  Growth  rates  of  mammary  tumors  arising  in  Wnt-1  TG  p53- 
deficient  female  mice.  Tumor  size  was  measured  once  per  week,  and  the 
tumor  volume  was  determined  as  described  by  Miller  et  al.  (48).  Time  zero 
is  the  first  date  at  which  the  tumor  was  observed  and  measured.  Four  p53 
genotypes  are  represented:  p53+/+,  n  =  17;  p53+/-,  n  =  13;  p53+/- 
LOH,  n  =  10;  p53-/-,  n  =  10.  Bars,  SE  for  each  genotype. 


biological  mechanisms  for  the  differential  growth?  Here,  we 
provide  evidence  that  the  loss  of  p53  does  accelerate  tumor 
growth  rates  during  mammary  tumorigenesis.  However,  the 
increased  growth  rate  appears  to  be  due  largely  to  increased 
cell  proliferation  rather  than  to  reduced  rates  of  tumor  cell 
apoptosis.  This  result  contrasts  with  some  of  the  other 
mouse  tumor  models  (26-28)  and  indicates  that  p53  loss 
may  promote  tumor  progression  by  multiple  biological 
mechanisms. 

Results 

Loss  of  p53  Promotes  Accelerated  Mammary  Tumor 
Growth  Rates.  To  directly  assess  tumor  growth  rate,  we 
monitored  Wnt-1  TG  females  of  all  three  p53  genotypes  for 
the  appearance  of  mammary  tumors  by  palpation  and  visual 
examination.  When  a  small  tumor  was  noted,  Its  diameter 
was  measured  in  two  dimensions  with  calipers  and  then 
measured  weekly  for  another  3  weeks.  Tumor  volumes  were 
then  calculated  from  these  measurements  as  has  been  de¬ 
scribed  by  Miller  etal.  (48).  The  tumor-bearing  animals  were 
then  sacrificed,  and  part  of  the  tumor  was  analyzed  for 
histopathology.  High  molecular  weight  DMA  was  prepared 
from  p53+/-  tumors,  and  the  status  of  the  remaining  wild- 
type  p53  allele  was  assessed  by  Southern  blot  hybridization 
as  described  previously  (46).  Roughly  one-half  of  the  Wnt- 
1TG  p53+/-  tumors  delete  the  remaining  wild-type  p53 
allele,  and  the  rest  retain  it.  We  have  shown  previously  that  In 
those  tumors  that  retain  the  wild-type  allele,  the  p53  gene 
remains  wild  type  in  sequence  (47).  A  compilation  of  the 
tumor  growth  data  for  each  of  the  p53  genotypes  is  shown  in 
Fig.  1 .  Note  that  after  4  weeks  of  growth,  the  p53-/”  tumors 
displayed  significantly  higher  tumor  volumes  than  p53+/+ 
tumors  (P  =  0.04  as  measured  by  t  test).  p53+/-  tumors 
with  LOH  also  had  significantly  higher  tumor  volumes  at  4 
weeks  than  p53+/+  tumors  (P  =  0.02).  p53+/-  tumors 
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Without  LOH  showed  on  average  marginally  increased 
growth  rate  compared  to  p53+/+  tumors,  but  this  difference 
was  not  significant  by  t  test. 

Apoptosis  Levels  Are  Low  and  Independent  of  p53 
Status.  The  measurements  of  the  mammary  tumors  re¬ 
vealed  that  the  loss  or  absence  of  p53  significantly  enhanced 
tumor  growth  rates.  One  potential  mechanism  for  this  en¬ 
hanced  tumor  growth  could  be  a  result  of  a  reduction  in 
apoptotic  cell  fraction  as  seen  in  other  mouse  tumor  models 
missing  p53  (26,  27).  A  net  growth  advantage  would  result  if 
fewer  tumor  cells  die  in  the  p53-deficient  tumors  compared 
to  the  tumors  with  wild-type  p53.  To  address  this  possibility, 
we  examined  formalin-fixed  mammary  tumor  sections  by  the 
TUN  EL  apoptosis  assay.  Fig.  2,  A  and  B,  shows  examples  of 
this  staining  in  a  p53+/+  tumor  (Fig.  2A)  and  a  p53-/- 
tumor  (Fig.  2B).  The  results  of  the  TUNEL  assays  are  repre¬ 
sented  by  the  graph  in  Fig.  2C.  There  does  not  appear  to  be 
any  correlation  between  the  p53  status  of  a  tumor  and  the 
degree  of  apoptosis  observed.  Apoptotic  cells  appeared  to 
be  randomly  distributed  throughout  the  tumor  sections. 

We  also  performed  the  TUNEL  assay  on  hyperplastic 
mammary  gland  tissue  from  the  p53-/-,  p53-K/-,  and 
p53-l-/+  Wnt-1  females.  Normal  mammary  glands  were  not 
available,  because  the  Wnt-1  transgene  induces  a  very  early 
hyperplasia  throughout  each  of  the  mammary  glands  (45).  It 
is  possible  that  in  hyperplastic  tissue,  wild-type  p53  might 
delay  tumor  formation  through  increased  apoptosis  of  ab¬ 
normally  proliferating  mammary  gland  cells.  This  could  ex¬ 
plain  the  delay  in  onset  of  mammary  tumors  In  p53+/+  and 
p53+/-  Wnt-1  mice  compared  to  p53-/-  Wnt-1  mice. 
However,  results  of  the  TUNEL  assays  revealed  that  apop¬ 
tosis  in  Wnt-1  TG  female  mammary  glands  was  very  low  (on 
average,  below  0.5%  of  total  cells)  and  not  appreciably  dif¬ 
ferent  among  p53-/”,  p53+/-,  and  p53+/+  hyperplastic 
tissues  (Fig.  3).  These  results  suggest  that  differences  In 
apoptotic  rates  in  the  presence  and  absence  of  p53  are  not 
a  major  factor  either  in  the  initiation  or  progression  of  the 
mammary  tumors. 

To  confirm  the  results  of  the  TUNEL  assay,  we  also  exam¬ 
ined  the  total  tumor  DNA  for  apoptotic  DNA  fractions  using  a 
DNA  laddering  assay.  DNA  from  cells  undergoing  apoptosis 
forms  a  ladder  of  bands  that  are  rough  multiples  of  1 70  bp 
(49).  Using  this  assay,  we  were  again  able  to  show  that  the 
apoptotic  DNA  fraction  in  Wnt-1  mammary  tumors  of  all 
three  p53  genotypes  was  relatively  low  and  did  not  differ 
appreciably  according  to  p53  status  (Fig.  4).  The  apoptotic 
DNA  fraction  ranged  from  2-7%,  as  calculated  following 
Southern  blot  hybridization  (see  “Materials  and  Methods”). 
Transfer  of  high  molecular  weight  DNA  to  the  blots  was 
inefficient  in  comparison  to  low  molecular  weight  apoptotic 
DNA;  thus,  calculations  of  apoptotic  fractions  are  likely  to  be 
overestimates.  The  critical  point  is  that  there  were  no  signif¬ 
icant  differences  in  the  apoptotic  DNA  fractions  between 
p53+/+  and  p53-/-  tumors  (as  measured  by  t  test). 

The  Absence  of  p53  Promotes  Cell  Proliferation.  If  ap¬ 
optosis  is  not  playing  a  major  role  In  the  increased  growth 
rates  of  the  p53-deficient  Wnt-1  TG  tumors,  the  obvious 
alternative  is  that  tumor  cells  are  dividing  more  rapidly  in  the 
absence  of  p53.  To  test  this  possibility,  we  first  examined  the 


number  of  mitotic  cells  in  the  mammary  tumors  as  a  simple 
marker  for  the  relative  number  of  cells  undergoing  division. 
This  was  performed  by  counting  mitotic  figures  in  H&E- 
stained  tumor  cross-sections.  The  total  number  of  mitotic 
figures  was  determined  in  1 0  high  power  microscopic  fields 
(X400)  for  each  tumor.  The  fields  were  randomly  selected 
near  the  edge  of  the  expanding  tumor  because  this  area 
usually  has  the  highest  growth  rates.  The  total  number  of 
mitotic  figures  per  1 0  fields  was  also  converted  to  percent¬ 
ages  of  mitotic  figures  per  total  number  of  cells  in  the  10 
fields  to  control  for  any  possible  size  differences  between 
tumor  cells  of  different  p53  genotypes.  However,  with  both 
measurements,  the  relative  mitotic  index  was  significantly 
higher  in  the  p53“/-  and  p53+/-  LOH  tumors  than  in  the 
p53+/+  tumors  as  measured  by  f  test  (P  =  0.001  and  0.006, 
respectively;  Fig.  5).  The  p53+/-  tumor  cells  had  on  average 
higher  mitotic  indexes  than  p53+/+  tumor  cells,  although 
the  difference  here  was  not  statistically  significant. 

The  second  assay  used  to  assess  cell  proliferation  in  the 
tumor  samples  was  flow  cytometric  analysis  for  DNA  con¬ 
tent.  This  assay  provides  an  approximation  of  the  percentage 
of  the  tumor  cells  in  each  phase  of  the  cell  cycle.  This  assay 
was  performed  on  tumor  cell  nuclei  obtained  by  cutting 
50-ju.m  sections  from  paraffin-embedded  samples  as  de¬ 
scribed  previously  by  Demirel  etal.  (50).  Three  representative 
flow  cytometry  profiles  for  the  tumors  are  shown  in  Fig.  6, 
A-C.  Note  the  higher  percentages  of  cells  in  S  phase  and 
G2-M  phase  in  the  p53-/-  sample  when  compared  to  the 
p53+/+  tumor  cells.  Note  also  that  the  p53-F/-  LOH  tumor 
has  substantial  aneuploidy  among  Its  tumor  cell  population. 
This  aneuploid  profile  was  consistently  observed  for  all  five 
p53+/-  LOH  tumors  examined.  Only  one  of  seven  p53-/- 
tumors  exhibited  an  aneuploid  profile  (data  not  shown).  This 
result  was  consistent  with  chromosomal  instability  studies 
performed  on  this  tumor  model  previously  (47).  The  results 
for  all  four  p53  genotypes  are  compiled  in  Fig.  6D.  Note  that 
the  p53+/“  LOH  tumors  have  on  average  the  highest  levels 
of  cells  in  S  phase.  Although  this  estimate  for  the  p53-{-/- 
LOH  S  phase  fraction  may  be  slightly  distorted  due  to  ane¬ 
uploidy  (Fig.  6C),  we  have  attempted  to  be  conservative  in 
the  interpretations  of  the  profiles.  p53+/-  LOH  tumor  cells 
showed  significantly  higher  numbers  of  cells  in  S  phase  on 
average  (1 7.3%)  than  did  p53+/-H  cells  (6.9%)  by  t  test  (P  = 
0.001).  The  p53-/-  tumor  cells  also  exhibited  significantly 
higher  fractions  of  S-phase  cells  (1 1 .7%)  than  p53+/-H  tumor 
cells  (P  =  0.03  by  f  test).  The  flow  cytometry  results  show 
that  absence  or  loss  of  p53  results  in  a  higher  percentage  of 
tumor  cells  proceeding  through  S  phase  and  Gs-M. 

Discussion 

In  an  earlier  study  using  the  Wnt-1  TG  p53-deficient  model, 
we  showed  that  the  absence  of  p53  accelerates  tumorigen- 
esls  (47).  One-half  of  p53-/“  Wnt-1  TG  females  developed 
mammary  tumors  by  1 1 .5  weeks  of  age,  whereas  one-half  of 
p53+/+  and  p53-i-/—  Wnt-1  females  developed  mammary 
tumors  by  23  weeks  of  age  (47).  In  this  study,  we  show  that 
not  only  does  the  absence  of  p53  promote  early  tumor  for¬ 
mation,  but  once  formed,  tumors  lacking  p53  grow  signifi¬ 
cantly  faster  on  average  than  tumors  in  their  p53-i-/-{-  coun- 
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Fig.  2.  TUNEL  assay  on  mammary  tumors 
in  the  presence  and  absence  of  p53.  The 
two  pictures  are  examples  of  the  TUNEL 
assay  performed  on  mammary  tumor  sam¬ 
ples.  A  p53+/+  tumor  at  X400with  brown- 
stained  apoptotic  cells.  S,  p53-/-  tumor  at 
X400  with  brown-stained  apoptotic  cells. 
C,  estimates  of  average  levels  of  apoptosis 
in  mammary  tumors  in  the  presence  and 
absence  of  p53,  showing  the  results  of  the 
TUNEL  assay  when  performed  on  individual 
mammary  tumors.  Each  column  represents 
a  separate  tumor.  The  approximate  level  of 
apoptosis  across  each  tumor  is  indicated 
by  the  number  of  pluses.  +,  very  few  ap¬ 
optotic  cells  per  high  power  field  (0-1);  + +, 
2-10  apoptotic  cells  in  a  field;  +  ++,  10-20 
apoptotic  cells  in  each  field.  Columns 
showing  intermediate  values  between  + 
and  +  +  indicate  tumors  displaying  an  over¬ 
all  level  of  TUNEL  staining  corresponding  to 
+  tumors  but  exhibiting  occasional  patches 
with  higher  levels  of  staining. 
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Fig.  3.  Apoptosis  in  Wnt-1  hyperplastic  mammary  glands  in  the  presence  and  absence  of  p53  as  measured  by  the  TUNEL  assay.  A,  hyperplastic  mammary 
gland  at  X400  from  a  Wnt~1  TG  p53+/+  female.  Apoptotic  cells  are  stained  dark  brown  by  the  TUNEL  assay.  B,  hyperplastic  mammary  gland  at  X400  from 
a  Wnt-1  TG  p53-/-  female.  Apoptotic  cells  are  stained  dark  brown.  C,  TUNEL  staining  for  apoptosis  in  hyperplastic  mammary  glands  of  Wnt-1  TG  females. 
The  data  are  expressed  as  the  average  percentage  of  epithelial  cells  undergoing  apoptosis  {for  over  1000  cells  counted  per  slide).  For  p53+/+  hyperplastic 
mammary  glands,  n  =  8;  p53+/-,  n  =  10;  p53-/-,  n  =  4.  Bars,  SE. 


terparts.  The  tumor  growth  assays  indicated  a  higher  rate  of 
growth  in  tumor  cells  missing  p53  (p53-/-)  or  having  lost 
p53  (p53+/“  LOH)  compared  to  tumor  cells  with  a  full  com¬ 
plement  of  p53  (p53+/+). 

The  maintenance  of  norma!  tissue  homeostasis  Is  depend¬ 
ent  on  balancing  the  rate  of  cell  division  and  the  rate  of  cell 
death.  An  increase  in  cell  proliferation  rates  or  a  decrease  in 
cell  death  rates  can  upset  the  balance  that  maintains  the 
normal  cellular  integrity  of  the  tissue,  and  the  end  result  can 
be  a  tumor.  Loss  of  normal  p53  function  could  play  a  role  in 
affecting  tissue  homeostasis  either  by  increasing  the  fraction 
of  cells  progressing  through  the  cell  cycle  or  by  reducing  the 
levels  of  cellular  apoptosis.  Previous  animal  model  studies 
have  examined  the  mechanisms  by  which  absence  of  p53 
may  confer  a  growth  advantage  during  tumor  progression 
(26-28).  In  general,  these  studies  have  supported  the  con¬ 
cept  that  p53  loss  accelerates  tumor  growth  primarily 


through  loss  of  normal  apoptotic  function.  The  data  pre¬ 
sented  here  indicate  that  in  the  Wnt-1 /p53  model,  the  ab¬ 
sence  of  p53  has  little  or  no  effect  on  apoptosis  (though 
subtle  differences  in  apoptosis  not  detectable  by  our  assays 
cannot  be  ruled  out).  However,  the  loss  or  absence  of  p53 
does  result  In  tumor  cells  with  significantly  higher  rates  of 
proliferation.  Whether  this  Increased  proliferation  is  a  direct 
effect  of  p53  loss  or  an  indirect  effect  due  to  such  factors  as 
genomic  instability  remains  unclear.  In  a  recent  study  by 
Hundley  et  ai  (51),  the  offspring  of  MMTV-c-ras  mice  mated 
to  p53-deficient  mice  also  demonstrated  increased  tumor 
cell  proliferation  in  the  absence  of  p53.  Moreover,  the  p53- 
deficient  c-ras  tumors  did  not  show  the  p53-dependent  dif¬ 
ferences  in  apoptotic  cell  levels  described  in  other  models 
(26-28).  These  results,  together  with  the  observation  of  in¬ 
creased  genomic  instability  in  the  p53-deficient  tumors, 
closely  paralleled  our  own  results  and  suggest  that  p53  loss 


834  Absence  of  p53  in  a  Mouse  Mammary  Tumor  Model 


A. 


-A  +/+  123bp 

Ladder 


Fig.  4.  Apoptotic  DNA  laddering  assays  for  Wnt-1  TG  p53+/+  and 
Wnt-1  TG  p53-/-  tumors.  A,  agarose  gel  electrophoresis  of  total 
genomic  p53+/+  and  p53-/-  tumor  DNA  from  Wnt-1  TG  females.  An 
ethidium  bromide-stained  1.2%  agarose  gel  shows  the  apoptotic  DNA 
ladders  characteristic  of  cells  undergoing  apoptosis,  A  1 23-bp  ladder  is 
on  the  right  to  provide  a  size  marker.  S,  quantitation  of  the  apoptotic  DNA 
fraction  in  each  Wnt-1  TG  tumor  in  the  presence  and  absence  of  p53.  The 
gel  shown  in  Fig.  4A  was  blotted  to  nylon  and  hybridized  to  a  total  mouse 
genomic  DNA  probe.  Hybridization  of  the  probe  to  the  low  molecular 
weight  and  high  molecular  weight  DNA  fractions  of  the  gel  was  quanti¬ 
tated  by  a  Molecular  Dynamics  Phosphorlmager.  This  analysis  was  per¬ 
formed  on  three  additional  samples  of  each  genotype,  and  the  results  fell 
within  the  same  range  for  both  p53+/+  and  p53-/-  genotypes.  Each 
column  represents  the  percentage  of  total  DNA  in  the  apoptotic  fraction  of 
an  individual  mammary  tumor. 


u 
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Fig.  5.  Mitotic  figures  in  Wnt-1  TG  tumors  in  the  presence  and  absence 
of  p53.  The  percentage  of  mammary  tumor  cells  with  visible  mitotic  figures 
was  determined  by  counting  at  least  10  randomly  selected  fields  near  the 
outer  edge  of  the  tumor  section  (over  5000  cells/sample  were  counted). 
Forp53+/+  tumors,  n  =  8;  p53+/-,n-  6;  p53+/-  LOH,  n  =  7]  p53“/-, 
n  =  10.  Bars,  SE. 


may  affect  tumor  progression  by  different  mechanisms,  de¬ 
pending  on  the  type  of  model. 

Why  does  p53  loss  in  the  Wnt-1 /jp53  model  affect  tumor 
progression  by  different  mechanisms  than  in  the  previously 
characterized  Rb/p53-based  models?  The  differences  between 
the  two  models  may  provide  some  clues.  One  difference  could 
be  in  the  tissue  type.  Previous  models  developed  tumors  in  the 
retinal  tissue  (27, 28)  or  the  choroid  plexus  of  the  brain  (26).  Loss 
of  p53  in  mammary  epithelial  tissue  in  our  model  may  have 
profoundly  different  effects  on  tumor  progression.  As  described 
above,  crossing  of  p53-deficlent  mice  to  mammary  tumor- 
susceptible  MMTV-c-ras  transgenic  mice  resulted  in  tumors  in 
which  absence  of  p53  correlated  well  with  higher  tumor  cell 
proliferation  without  effects  on  apoptosis  levels  (51).  It  has  been 
demonstrated  that  mammary  gland  apoptosis  during  involution 
proceeds  independently  of  the  p53  status  of  the  animal  (52). 
Thus,  mammary  tissue  may  be  relatively  insensitive  to  p53- 
dependent  apoptosis. 

An  alternative  explanation  for  the  absence  of  an  apoptotic 
effect  is  that  the  oncogenic  pathways  used  in  the  Rb/p53  and 
lVnf-7/p53  models  to  generate  tumors  are  different.  Loss  of 
function  of  the  tumor  suppressor  Rb  could  have  different 
effects  on  p53  activities  than  overexpression  of  the  Wnt-1 
oncogene  product.  Moreover,  because  Wnt-1  acts  as  a 
transforming  growth  factor  in  mammary  tissue  (53,  54),  it 
may  also  be  acting  as  a  survival  factor,  preventing  apoptosis. 
In  vitro  studies  have  demonstrated  that  the  addition  of  cy¬ 
tokines  or  growth  factors  to  p53-containing  cells  can  inhibit 
p53-induced  apoptosis  (15,  20).  Thus,  some  oncogenic 
pathways  may  be  relatively  Insensitive  to  p53-mediated  ap¬ 
optosis,  and  tumors  arising  through  such  pathways  may  be 
less  likely  to  incur  loss  of  p53  during  tumor  progression. 
Perhaps  a  single  dominant  mutation  In  another  oncogene 
could  provide  the  same  growth  advantage  that  mutation  of 


Fig.  6.  Flow  cytometry  for  DNA  content  in  Wnt-1/}p53  mammary  tumors.  A,  representative  flow  cytometry  profile  of  Wnt-1  TG  p53+/+  tumor.  This  tumor 
has  an  estimated  diploid  S-phase  fraction  of  7.8%.  Colors  under  each  peak  are  for  clarification  purposes  only.  Red,  diploid  peak;  yellow,  aneuploid  peak. 
B,  representative  flow  cytometry  profile  of  a  Wnt-1  TG  p53-/-  tumor.  This  tumor  has  an  estimated  diploid  S-phase  population  of  20%.  C,  representative 
flow  cytometry  profile  of  Wnt-1  TG  pSS-f-/-  LOH  tumor.  This  tumor  exhibits  two  aneuploid  stemlines  with  DNA  indices  of  1 .7  and  2.3  (second  and  third  peaks 
to  the  right  of  the  diploid  Gq-Gi).  This  high  degree  of  aneuploidy  was  observed  in  all  tumors  that  are  p53+/-  LOH.  D,  average  percentage  of  mammary 
tumor  cells  in  S  phase  for  each  Wnt-1  p53  genotype.  For  p53+/-f-  tumors,  n  =  7;  p53+/-,  n  =  4;  p53+/-  LOH,  n  ==  5;  p53“/“,  n  =  7.  Bars,  SE. 

both  p53  alleles  provides.  This  may  explain  why  p53  muta-  crease  ceil  proliferation  levels.  In  this  system,  and  in  the 

tions  have  yet  to  be  found  In  p53+/+  Wnt-1  tumors  (47).^  MMTV-c-ras  model  recently  described  by  Hundley  etaf.  (51), 

In  summary,  we  have  demonstrated  that  in  addition  to  Its  enhanced  proliferation  levels  appear  to  be  more  significant 

previously  characterized  ability  to  accelerate  tumor  growth  than  decreased  apoptosis  In  the  acceleration  of  mammary 

through  loss  of  apoptotic  function,  p53  loss  can  also  in-  tumor  progression  and  growth  rates.  However,  both  apop¬ 

tosis  and  proliferation  may  be  affected  by  p53  loss  In  other 
models  or  in  human  tumors.  There  may  also  be  other  bio¬ 
logical  effects  of  p53  deficiency  on  tumor  progression,  some 
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of  which  have  been  suggested  by  experiments  in  mouse 
models  and  in  cell  culture  systems.  These  include  increased 
levels  of  angiogenesis  (55,  56)  and  an  Increased  likelihood  of 
metastasis  (57).  Further  studies  are  needed  to  clarify  some  of 
these  issues. 

Materials  and  Methods 

Histological  Sample  Preparation.  Tumors  were  surgically  removed, 
and  cross-sections  were  cut  with  a  sterile  razor  blade.  These  samples 
were  then  fixed  overnight  in  10%  neutral  buffered  formalin  and  embedded 
in  paraffin  using  standard  methods.  Samples  were  cut  with  a  microtome 
at  a  size  of  4  ^xm.  Samples  were  fixed  on  slides  and  left  unstained  for 
TUNEL  analysis  or  stained  with  H&E  under  standard  conditions. 

DNA  Laddering  Assay.  Genomic  DNA  was  isolated  from  frozen  tumor 
tissues  using  standard  phenol/chloroform  extraction.  Following  ethanol 
precipitation  of  the  total  DNA,  it  was  centrifuged  at  12,000  x  g  at  4°C  for 
30  min.  Following  resuspension  in  TE  [10  mw  Tris-HCI  (pH  8.0),  1  mM 
EDTA],  10  /Ag  of  total  DNA  from  each  tumor  were  then  subjected  to 
electrophoresis  on  a  1.2%  agarose  gel.  DNA  was  visualized  under  UV 
illumination  after  ethidium  bromide  staining,  and  the  gel  was  blotted  using 
standard  Southern  blot  procedures  (60)  and  probed  with  a  ®^P-labeled 
total  mouse  genomic  probe.  To  determine  the  approximate  apoptotic 
fraction  of  DNA,  the  hybridization  signal  (quantified  by  Molecular  Dynam¬ 
ics  Phosphorlmager  analysis)  in  the  low  molecular  weight  portion  of  the 
gel  (<2000  bp)  was  divided  by  the  signal  intensity  of  the  entire  lane.  This 
resulted  in  the  approximate  percentage  of  apoptotic  DNA  present  in  an 
individual  tumor. 

Detection  of  Apoptotic  Cells  in  Tumors  and  Hyperplastic  Mammary 
Gland  Sections.  Mammary  gland  and  tumor  sections  were  prepared  as 
described  above.  Cells  undergoing  apoptosis  were  detected  using  the 
TAGS  2  TdT  /n  Situ  Apoptosis  detection  kit  (Trevigen,  Gaithersburg,  MD). 
Samples  were  deparaffinized  and  treated  with  proteinase  K  (2  ^g/ml)  for 
15  min.  Endogenous  peroxidase  was  quenched  by  immersing  samples  for 
5  min  in  2%  H2O2.  Samples  were  then  incubated  with  terminal  de- 
oxynucleotidyltransferase  and  biotinylated  nucleotides  for  1  h  at  37  °C. 
Cells  that  had  incorporated  the  biotinylated  nucleotide  were  detected  by 
incubation  with  streptavidin-horseradish  peroxidase  followed  by  3,3'- 
diaminobenzidine  for  10  min.  Samples  were  then  counterstained  with  1  % 
methyl  green  for  5  min.  Finally,  samples  were  washed  with  butanol, 
ethanol,  and  xylene  and  then  mounted  with  Permount. 

Mitotic  Indexes.  A  determination  of  the  number  of  mitotic  figures  in 
tumor  samples  was  performed  by  counting  the  number  of  visible  mitotic 
figures  within  cells  in  10  random  high  power  fields  (x400).  These  fields 
were  all  within  three  high  power  fields  of  the  edge  of  standard  H&E- 
stained  tumor  cross-sections.  The  total  number  of  mitotic  figures  was 
determined  for  all  1 0  high  power  fields  as  well  as  the  percentage  of  tumor 
cells  in  the  field  with  visible  mitotic  figures.  The  mitotic  counts  were 
performed  blind  with  respect  to  p53  genotype. 

Flow  Cytometric  Analysis  of  DNA  Content  of  Tumor  Cells.  The 
DNA  content  of  tumor  samples  was  assessed  in  nuclei  isolated  from 
paraffin-embedded  samples  based  on  a  modification  of  Medley’s  method 
(41,  58).  Nuclear  suspensions  were  prepared  from  five  50-/Lim  sections;  a 
4-/ji,m  section  was  cut  before  and  after  the  50-/utm  sections  to  confirm  that 
histologically  comparable  sections  were  being  used.  The  samples  are 
deparaffinized  using  two  50-min  xylene  washes  at  25  °C.  The  cells  are 
then  rehydrated  using  successive  incubations  with  ethanol,  two  per  dilu¬ 
tion,  100,  95,  70,  and  50%  and  distilled  water.  Between  each  concentra¬ 
tion  of  ethanol  there  was  a  50-min  incubation  at  25  °C  to  make  a  cell 
suspension.  To  make  a  single  cell  suspension,  the  cells  were  treated  with 
a  0.5%  pepsin  solution  for  37  °C  for  30  min  (Sigma  Chemical  Co.,  St. 
Louis,  MO).  Filtration  through  a  74-/u.m-pore  mesh  (Small  Parts,  Inc., 
Miami,  FL.)  resulted  in  a  nuclear  suspension,  which  was  stained  using  the 
VIndelov  technique  (59).  For  a  procedural  control,  fresh  chicken  erythro¬ 
cyte  nuclei  (Accurate  Chemical  &  Scientific  Co.,  Westbury,  NY)  were  used. 
A  five-/xl  solution  of  a  20,000,000  chicken  erythrocyte  nuclei/ml  suspen¬ 
sion  was  added  to  the  sample  prior  to  the  DNA  staining  step.  The  sample 
used  for  DNA  flow  analysis  was  acquired  on  a  FACScan  flow  cytometer 
with  doublet  discrimination  (Becton  Dickinson,  San  Jose,  CA).  Twenty 
thousand  events  were  collected  using  the  gating  parameters  of  FL2-W 
versus  FL2-A.  Histograms  were  generated  to  determine  the  percentage  of 


cells  in  each  stage  of  the  cell  cycle.  Cell  cycle  analysis  was  performed 
using  the  ModFItLT  software  (Topsham,  ME). 
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Abstract 

Recent  studies  have  hinted  that  there  may  be  a 
relationship  between  p53  and  the  immune  response.  In 
preliminary  experiments,  we  found  significantly 
decreased  levels  of  immunoglobulin  deposition  in  13  of 
16  p53-null  tumors  compared  with  2  of  17  tumors 
derived  from  p53“^^“  mice.  We  further  explored  the 
effect  of  p53  on  B>cell  development  and  function.  p53- 
null  mice  contained  more  splenic  white  pulp  and  more 
immature  B  cells  in  the  bone  marrow  compared  with 
p53^'“  mice.  p53-null  B  cells  were  hyperresponsive  to 
proliferative  challenge  but  were  not  more  resistant  to 
signal-induced  apoptosis.  Several  p53  DNA-binding 
sites  were  localized  to  the  regulatory  regions  of 
immunoglobulin  heavy  and  light  chain  genes,  including 
the  KM  site,  which  serves  as  an  enhancer  for 
rearrangement  of  the  mouse  k  chain  J  cluster  genes. 
Levels  of  p53  protein  and  the  k  chain  sterile  transcript 
increased  after  exposure  of  pre-B  cells  to  the  DMA 
damaging  agents  etoposide  and  Adriamycin.  Our 
observations  suggest  that  p53  may  be  involved  in  B- 
cell  maturation  and  may  relay  certain  stress  signals  to 
affect  B-cell  function. 
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Introduction 

The  p53  tumor  suppressor  protein  is  a  transcription  factor 
that  regulates  growth  arrest  and  apoptosis  pathways  in 
mammalian  cells  (reviewed  in  Ref.  1).  p53  target  genes  in¬ 
clude  cell  cycle  regulators  MDM2,  and 

GADD45),  apoptosis  inducers  (bax  and  FAS/Apo1),  and  se¬ 
creted  proteins  (Thrombospondin  1 ,  GD-AIF,  and  IGF-BP3). 
Recent  studies  have  suggested  a  possible  relationship  be¬ 
tween  p53  and  the  immune  response.  p53  induction  was 
correlated  with  differentiation  and  k  light  chain  gene  expres¬ 
sion  in  y-irradiated  pre-B  cells  (2).  In  addition,  it  has  been 
possible  to  partially  rescue  VDJ^  recombination  and  T-cell 
development  in  SCID  mice  that  are  p53'^^“  but  not  p53“  (3). 

While  investigating  p21  expression  as  a  marker  of  p53 
status,  we  found  evidence  for  decreased  Immunoglobulin 
deposition  in  tumors  derived  from  p53“  versus  p53^^~  mice. 
To  further  explore  the  relationship  between  p53  and  this 
immunoglobulin  deposition,  we  investigated  B-cell  matura¬ 
tion  and  responsiveness  in  p53-null  and  p53'^^~  mice.  We 
also  searched  for  evidence  for  direct  p53  regulation  of  VDJ 
rearrangement.  We  found  that  p53-null  mice  contain  in¬ 
creased  splenic  white  pulp,  increased  numbers  of  Immature 
B  cells  in  their  bone  marrow,  and  B  cells  that  are  hyperre¬ 
sponsive  to  proliferative  challenge.  We  identified  several  p53 
DNA-binding  sites  in  the  regulatory  regions  of  immunoglob¬ 
ulin  heavy  and  light  chain  genes,  including  the  Kl!  site  re¬ 
cently  shown  to  be  important  for  rearrangement  of  k  light 
chain  genes  (4)  and  the  DQ52  region  important  for  heavy 
chain  gene  rearrangement  (5).  p53  bound  to  these  putative 
sites,  and  we  detected  induction  of  sterile  (germ  line)  tran¬ 
scription  at  the  K  chain  and  loci  after  p53  induction.  Our 
observations  raise  the  possibility  that  p53  may  be  involved  in 
B-cell  maturation,  a  role  that  has  implications  with  respect  to 
normal  and  antitumor  immune  function,  as  well  as  the  high 
prevalence  of  lymphoid  malignancies  in  p53  knockout  mice. 
p53  binding  to  immunoglobulin  regulatory  sites  suggests  the 
possibility  that  p53  may  serve  as  a  relay  of  certain  stress 
signals  to  affect  B-cell  function. 

Results 

Analysis  of  Tumors  from  p53‘^'“  and  p53"^“  Mice.  Our 
initial  studies  used  tumors  derived  from  p53'^^“  and  p53~^“ 
mice  to  examine  p21  expression  in  tumors  as  a  marker  of 
p53  status.  We  raised  antibodies  that  specifically  and  sen¬ 
sitively  recognized  mouse  p21  (Fig.  1).  Three  anti- mouse  p21 
mAbs  (Fig.  1A-C)  and  a  rabbit  polyclonal  antibody  (Fig.  ID) 


®  The  abbreviations  used  are:  VDJ,  Variable  Diversity  Joining  segments  of 
immunoglobulin  gene  family;  sIgM,  surface  Immunoglobulin  class  M;  LPS, 
lipopolysaccharide;  GST,  glutathione  S-transferase;  EMSA,  electro¬ 
phoretic  mobility  shift  assay;  FACS,  fluorescence-activated  cell  sorting; 
RT,  reverse  transcription. 
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Fig.  1.  A-D,  reactivity  of  anti-mouse  p2lWAFi/ciPi  antibodies.  Western  blot  analysis  of  lysates  derived  from  human  GM  cells  incubated  in  the  absence 
{Lane  1)  or  presence  [Lane  2)  of  dexamethasone,  or  iysates  derived  from  mouse  M3  cells  incubated  at  37°C  {Lane  3)  or  32°C  {Lane  4)  were  immunoblotted 
with  either  anti-mouse  p21  mAb  22A  (A),  anti-mouse  p21  mAb  75A  (B),  anti-mouse  p21  mAb  65A  (C),  or  anti-mouse  p21  polyclonal  sera  OS100  (D).  +, 
presence  of  wild-type  p53  protein.  Protein  molecular  weight  size  markers  are  indicated  to  the  right  of  each  panel  (in  thousands).  The  predicted  mobility  of 
p21  is  indicated  by  an  arrow  to  the  left  of  A.  E,  analysis  of  tumors  from  p53+^-  and  p53“^-  mice  using  an  anti-mouse  p2l  wAFvctPi  Western  blot 
analysis  of  a  subset  of  the  tumors  shown  in  Table  1  was  performed  using  anti-mouse  mAb  75A  as  described  in  “Materials  and  Methods.”  The 

p53  genotype  of  the  mice  from  which  the  tumors  were  derived  is  indicated  above  each  lane.  +/-,  one  wild-type  p53  allele  and  one  null  allele;  -/-  two 
null  p53  alleles.  Protein  molecular  weight  size  markers  (in  thousands)  are  indicated  by  arrows  to  the  left  of  the  figure.  The  identity  of  each  tumor  shown  in 
this  figure  can  be  found  in  Table  1  {Lane  1,  tumor  967;  Lane  2,  tumor  1337;  Lane  3,  tumor  1005;  Lane  4,  tumor  1087;  Lane  5,  tumor  1239;  Lane  6  tumor 
1280;  Lane  7,  tumor  1367;  Lane  8,  tumor  1687;  Lane  9,  tumor  1706;  Lane  10,  tumor  1334;  Lane  11,  tumor  1640;  and  Lane  12,  tumor  1683). 


recognized  a  M,  20,000  band  by  Western  blot  analysis  of  M3 
murine  lymphoma  cells  (6)  at  32°C  (Fig.  ^A-D,  Lane  4),  but 
not  at  37°C  (Lane  3).  The  M3  lymphoma  cells  express  a 
temperature-sensitive  p53  gene  (6)  that  adopts  a  transcrip¬ 
tionally  active  “wild-type”  conformation  at  32°C,  but  is  func- 
tionaily  mutant  at  37°C.  One  of  the  monoclonai  antibodies 
(22A;  Fig.  1A)  and  the  polyclonal  antibody  (OS100;  Fig.  1D) 
aiso  showed  reactivity  against  human  p21  protein  (Lane  2)  in 
GM  cells  treated  with  dexamethasone  to  induce  p53,  but  not 
in  untreated  GM  cells  (Lane  1).  Cross-reacting  protein  bands 
were  detected  but  were  least  prominent  when  mAb  75A  (Fig. 
^A)  was  used  for  immunoblotting  (compare  with  Fig.1S-D). 
These  four  antibodies  also  immunoprecipitated  p21  and  as¬ 


sociated  cyclin-dependent  kinase  2  protein  from  M3  cells  at 
32°C,  but  not  at  37°C  (data  not  shown). 

In  a  blinded  fashion,  we  used  the  anti-mouse  p21  antibod¬ 
ies  to  immunoblot  19  tumors  derived  from  p53'^^~  (n  =  10) 
and  p53“^"  (n  =  9)  mice.  The  19  tumors  (see  Table  1) 
included  a  representative  sampling  of  neoplasms,  which 
spontaneously  arise  in  p53-deficient  mice  (7).  The  mono¬ 
clonal  antibodies  recognized  a  slower  migrating  band  (M^ 
-25,000)  in  several  tumors  (Fig.  1£),  but  no  band  at  M, 
21,000,  leading  us  to  suspect  a  posttranslationally  modified 
p21  in  vivo.  The  25,000  band  was  not  recognized  by 
anti-p27  antibodies  (data  not  shown).  We  found  no  evidence 
for  interaction  between  the  25,000  band  and  either  cyclin- 
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Table  1  Predicted  p53  status  of  tumors  derived  from  and 

p53“^“  mice 

Tumor 

Tumor  type 

Predicted 
p53  status® 

Host’s  p53 
genotype 

967 

Lymphoma 

wt 

+/- 

971 

Lymphoma 

- 

+/- 

1005 

Undifferentiated  sarcoma 

wt 

+/- 

1064 

Osteosarcoma 

wt 

+/- 

1087 

Hemangiosarcoma 

wt 

+/- 

1239 

Lung  adenocarcinoma 

wt 

1280 

Lymphoma 

- 

-/- 

1327 

Lymphoma 

- 

-/- 

1334 

Undifferentiated  sarcoma 

wt 

+/- 

1337 

Leiomyosarcoma 

wt 

+/- 

1339 

Rhabdomyosarcoma 

- 

-/- 

1367 

Lymphoma 

- 

1434 

Osteosarcoma 

wt 

+/- 

1640 

Osteosarcoma 

> 

+/- 

1680 

Hemangiosarcoma 

wt 

1683 

Hemangiosarcoma 

wt 

1687 

Lymphoma 

- 

-/- 

1706 

Lymphoma 

- 

1713 

Lymphoma 

- 

-/- 

®  wt,  wild-type;  non-wild-type. 


dependent  kinase  2  or  proliferating  cell  nuclear  antigen  (data 
not  shown).  We  also  found  no  evidence  that  the  M^.  25,000 
band  was  a  hyperphosphorylated  form  of  p21  (data  not 
shown).  Thus,  it  would  appear  that  the  25,000  protein  is 
neither  structurally  nor  functionally  related  to  p21.  However, 
based  on  the  expression  level  of  the  M^.  25,000  protein,  we 
correctly  predicted  the  p53  genotype  of  15  of  19  mice  (Table 
1).  Since  the  25,000  band  intensity  appeared  helpful  in 
predicting  p53  genotype,  we  further  attempted  to  identify  it. 

Decreased  immunoglobulin  Deposition  in  p53-null  Tu¬ 
mors.  Analysis  of  several  tumors  with  high  levels  of  the  Mj. 
25,000  band  and  several  tumors  with  little  or  no  detectable 
Mf  25,000  protein  revealed  that  the  M^.  25,000  protein  was 
immunoglobulin  light  chain  (Fig.  2A,  Lanes  1-3  versus  Lanes 
4-6).  In  tumors  in  which  the  25,000  protein  was  easily 
detected,  a  50,000  band  was  also  easily  detected  (Figs. 
2A,  Lanes  1-3,  and  1£),  likely  corresponding  to  immunoglob¬ 
ulin  heavy  chain.  Five  tumors  derived  from  p53'^^“  mice 
contained  higher  levels  of  both  immunoglobulin  k  and  A 
chains  compared  with  five  tumors  derived  from  p53~^"  mice 
(Fig.  2B,  compare  Lanes  1-5  with  Lanes  6-10).  Thus,  both  k 
and  A  chains  appear  to  be  deposited  at  decreased  levels  in 
p53-null  tumors.  We  checked  whether  tissue  origin  of  the 
tumor  could  account  for  the  difference  in  immunoglobulin 
deposition.  We  found  examples  of  lymphomas  that  overex¬ 
pressed  immunoglobulin  when  obtained  from  a  p53'^^” 
mouse,  whereas  other  lymphomas  had  relatively  low  levels  of 
immunoglobulin  if  they  arose  in  p53“''“  mice  (Table  1). 

We  reproduced  the  difference  in  immunoglobulin  deposi¬ 
tion  between  wild-type  p53-expressing  tumors  and  p53“null 
tumors  by  examining  breast  cancers  obtained  from  wnti 
mice  crossed  with  either  p53'^^'^  or  p53“^“  mice  (8).  Fig.  2C 
shows  that  immunoglobulin  light  chain  deposition  was  ob¬ 
served  in  6  of  7  tumors  derived  from  p53'^^Vl/l/r?f7  mice,  but 
not  6  of  7  breast  tumors  derived  from  p53~^~/Wnt1  mice 
(Table  2). 


The  anti-mouse  p21  OS100  polyclonal  antibody,  when 
used  at  a  titer  of  1:1000,  detected  a  doublet  at  21,000- 
22,000  in  most  of  the  original  tumors  derived  from  p53‘^^"“ 
and  p53“^“  mice  (Fig.  3).  We  found  a  poor  correlation  be¬ 
tween  p21  expression  and  p53  genotype;  i.e.,  one  of  two 
tumors  that  highly  expressed  p21  (Fig.  3,  Lanes  2  and  9)  was 
p53“^“,  and  in  the  tumors  that  expressed  p21  at  lower  levels 
(e.g.j  Fig.  3,  Lanes  1,3-7,  and  10-12),  there  was  no  apparent 
difference  between  the  level  of  p21  expression  In  tumors 
derived  from  p53"^^“  and  p53'^^“  mice.  Therefore,  at  least  for 
the  case  of  tumors  derived  from  p53'^^”  and  p53"^”  mice, 
p21  expression  levels  did  not  correlate  with  p53  status. 

Reactivity  of  Mouse  Sera  against  Tumor  Antigens.  Im- 
munohistochemical  staining  of  two  immunoglobulin-positive 
and  two  immunoglobulin-negative  tumors  (Fig.  4A)  revealed 
that  some  immunoglobulin  was  extracellular,  possibly  asso¬ 
ciated  with  cellular  fragments,  some  was  associated  with 
tumor  cells,  and  some  with  rare  small  round  cells.  The  pre¬ 
cise  origin  of  the  tumor-associated  immunoglobulin  or  the 
target  of  this  immunoglobulin  deposition  was  not  clear. 

We  found  no  differences  in  the  levels  of  serum  immuno¬ 
globulin  between  p53'*'^‘^,  p53'^^“,  and  p53“^“  mice  (data  not 
shown).  We  investigated  the  reactivity  of  sera  derived  from 
wild-type  p53-containing  versus  p53“^“  tumor-bearing  mice 
against  tumor  antigens.  Fig.  46,  a-c,  shows  results  of  im- 
munoblotting  a  tumor  derived  from  a  p53“^“  mouse  and  two 
tumors  derived  from  p53'^^”  mice  with  sera  derived  from 
each  of  the  same  three  tumor-bearing  mice.  One  of  the  sera 
(Fig.  46c)  from  the  tumor-bearing  mouse  whose  tumor  spec¬ 
imen  is  shown  in  Lane  2  strongly  recognized  novel  antigens 
(Mr  -35,000  and  -75,000-80,000  proteins)  in  the  same  tu¬ 
mor,  but  not  in  the  tumor  derived  from  a  p53“^“  mouse  (Lane 
1)  or  another  p53'^^“  mouse  (Lane  3).  These  antigens  were 
not  recognized  by  sera  from  another  p53‘^^"  tumor-bearing 
mouse,  whose  tumor  Is  shown  in  Lane  3  (Fig.  46b),  and  at 
least  the  Mr  —35,000  band  was  not  recognized  in  Lane  2 
when  probed  by  sera  from  a  p53“^"'  mouse  whose  tumor  is 
shown  in  Lane  1  (Fig.  46a). 

Fig.  46,  d  and  e,  shows  that  pooled  sera  from  p53^^^/ 
Wnti  tumor-bearing  mice  recognized  several  protein  bands 
(range,  Mr  —70,000-150,000)  In  tumors  derived  from  either 
wild-type  p53-expressing  or  p53-null  mice  (Fig.  46e;  arrows), 
whereas  pooled  sera  from  p53~^~/Wnt1  tumor-bearing  mice 
had  substantially  reduced  reactivity  (Fig.  ABd). 

Increased  Immature  B  Cells  in  p53-null  Bone  Marrow. 
Lymphoid  tissues  (spleen,  mesenteric  lymph  nodes,  and 
bone  marrow)  were  harvested  from  four  p53“^“,  two  p53'^^“, 
and  four  p53'^^'^  6-week-old  mice.  No  significant  differences 
were  noted  in  the  gross  appearance  or  weight  of  the  organs. 
Histological  examination  revealed  an  architectural  difference 
with  increased  white  pulp  and  relatively  decreased  red  pulp 
in  p53-null  splenic  tissue  (Fig.  5A,  a-d).  We  found  no  differ¬ 
ences  in  the  numbers  of  B  and  T  lymphocytes  in  the  spleen 
and  lymph  nodes  in  these  groups  of  mice  (data  not  shown). 
Although  similar  numbers  of  cells  were  recovered  from  the 
bone  marrow  of  p53“^“,  p53“^'^,  and  p53'^^'^  mice,  the  bone 
marrow  of  p53~^~  mice  contained  a  higher  percentage  of 
pre-B  cells  (B220'^  sIgM”)  compared  with  p53'^^'^  mice  (Fig. 
56,  a  and  b).  The  percentages  of  B  cells  (B220'^  sIgM'*')  were 
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Fig.  2.  A,  analysis  of  tumors  from  pSS"^^"  and  p53“^~  mice  using  anti-mouse  Immunoglobulin  antibodies.  Western  blot  analysis  of  a  subset  of  tumors 
shown  in  Table  1  was  performed  using  anti-mouse  immunoglobulin  (heavy  and  light)  antibody  as  described  in  “Materials  and  Methods.”  The  p53  genotype 
of  the  mice  from  which  the  tumors  were  derived  is  indicated  above  each  lane.  Protein  molecular  weight  size  markers  (in  thousands)  are  indicated  by  arrows 
to  the  right.  The  identity  of  each  tumor  shown  can  be  found  in  Table  1  {Lane  1,  tumor  1239;  Lane  2,  tumor  1337;  Lane  3,  tumor  1434;  Lane  4,  tumor  1280; 
Lane  5,  tumor  1339;  and  Lane  6,  tumor  1706).  B,  Western  blot  analysis  of  a  subset  of  tumors  shown  in  Table  1  was  performed  using  either  anti-mouse  k 
(fop)  or  A  {bottom)  antibody  as  described  in  “Materials  and  Methods.”  The  p53  genotype  of  the  mice  from  which  the  tumors  were  derived  Is  indicated  above 
each  lane.  The  identity  of  each  tumor  shown  can  be  found  in  Table  1  {Lane  1,  tumor  967;  Lane  2,  tumor  1064;  Lane  3,  tumor  1334;  Lane  4,  tumor  1337; 
Lane  5,  tumor  1434;  Lane  6,  tumor  1280;  Lane  7,  tumor  1339;  Lane  8,  tumor  1367;  Lane  9,  tumor  1706;  Lane  10,  tumor  1713;  Lane  77,  1  /xg  of  mouse 
immunoglobulin;  and  Lane  12:  2  /ig  of  mouse  immunoglobulin).  C,  analysis  of  tumors  derived  from  p53'^''**'/Wr?f7  and  p53“^“/lVr7f7  mice  using  anti-mouse 
immunoglobulin  antibodies.  Western  blot  analysis  of  tumors  shown  in  Table  2  was  performed  using  anti-mouse  immunoglobulin  (heavy  and  light)  antibody 
as  described  In  “Materials  and  Methods.”  The  p53  genotype  of  the  mice  from  which  the  tumors  were  derived  is  indicated  above  each  lane.  Protein  molecular 
weight  size  markers  (in  thousands)  are  indicated  by  arrows  to  the  right.  The  Identity  of  each  tumor  shown  can  be  found  in  Table  2  {Lane  1,  tumor  460;  Lane 
2,  tumor  477B;  Lane  3,  tumor  Null-9;  Lane  4,  tumor  Het-65B;  Lane  5,  tumor  Het-73;  Lane  6,  tumor  2;  Lane  7,  tumor  10;  Lane  8,  tumor  30;  Lane  9,  tumor 
70;  Lane  10,  tumor  75;  Lane  11,  tumor  98;  Lane  12,  tumor  154;  Lane  13,  tumor  162;  Lane  14,  tumor  372;  Lane  15,  tumor  388B;  Lane  16,  tumor  430;  Lane 
17,  tumor  455;  and  Lane  18,  1  /xg  of  mouse  immunoglobulin).  Lanes  3,  4,  and  5  represent  tumors  derived  from  a  p53“^“  mouse  and  two  p53-  mice, 
respectively. 


comparable  between  the  two  groups  of  mice.  Consistent 
with  the  increased  percentage  of  pre-B  cells,  bone  marrow 
from  p53“''“  mice  contained  an  increased  percentage  of 
cells  expressing  high  levels  of  the  heat-stable  antigen,  a 
protein  expressed  at  high  levels  on  pre-B  and  immature  B 
cells  (Ref.  9;  data  not  shown).  Frequencies  of  S7-t-  cells  were 
not  changed  in  the  p53~^~  bone  marrow. 

Mitogenic  Responses  of  p53~'"  versus  pSS^^"^  B  Cells. 
To  examine  a  potential  relationship  between  p53  status  and 
the  ability  of  B  lymphocytes  to  enter  the  celt  cycle,  we  cul¬ 
tured  the  lymphocytes  with  different  mitogens  and  measured 
S-phase  entry  by  uptake  of  pH]thymldlne  into  newly  synthe¬ 
sized  DNA  (Fig.  5C).  Ligation  of  sIgM  using  F(ab')2  fragments 
of  polyclonal  anti-IgM  antibody  induces  mature  B  cells  to 
reenter  the  cell  cycle  (10).  When  cultured  with  increasing 


concentrations  of  F(ab')2  fragments  of  anti-IgM  antibody, 
splenic  B  cells  from  p53“^“  synthesized  significantly  more 
DNA  compared  with  splenic  B  cells  from  either  p53'^^^  or 
p53„/+  ^pjg  increased  proliferative  response 

could  not  be  attributed  to  increased  expression  of  sIgM  by 
p53“^“  B  cells.  Splenic  B  cells  from  all  three  groups  of  mice 
expressed  comparable  levels  of  sIgM,  sIgD,  heat-stable  an¬ 
tigen,  and  the  B  cell-specific  form  of  CD45  (B220)  as  deter¬ 
mined  by  flow  cytometry  (data  not  shown). 

The  increased  proliferative  response  of  p53~^”  B  cells  was 
not  specific  for  sIgM  ligation.  When  cultured  with  the  poly¬ 
clonal  mitogen  LPS,  p53“^”  splenic  B  cells  synthesized  sig¬ 
nificantly  more  DNA  compared  with  splenic  B  cells  derived 
from  either  p53“^^  or  p53'*'^'^  mice  (Fig.  5Cb). 
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Table  2  Predicted  p53  status  of  tumors  derived  from  p53^^'^/wnt1  and 
p53~^~/wnt1  mice 

wnti  tumor 

Predicted  p53 
status® 

Host’s  p53 
genotype 

2 

- 

+/+ 

10 

wt 

+/+ 

30 

wt 

+/+ 

70 

wt 

+/+ 

75 

wt 

+/+ 

98 

wt 

154 

- 

-/- 

162 

- 

-/- 

372 

wt 

+/+ 

388B 

- 

-/- 

430 

wt 

+/+ 

455 

- 

460 

- 

-/- 

477B 

- 

-/- 

®  wt,  wild-type;  non-wild-type. 


The  increased  proliferative  responses  of  B  lymphocytes 
from  the  lymph  nodes  of  p53“^“  mice  could  not  be  attributed 
to  Increased  numbers  of  B  cells  in  p53“^”  lymph  nodes, 
because  the  percentages  of  lymph  node  B  lymphocytes 
were  comparable  between  all  groups  of  mice  (data  not 
shown).  In  addition,  we  found  no  evidence  that  the  increased 
proliferative  responses  of  p53“^“  B  cells  could  be  explained 
by  a  decreased  apoptotic  fraction  when  compared  with 
p53'^^'^  cells  (data  not  shown).  The  results  from  Fig.  5C 
suggest  that  B  lymphocytes  derived  from  p53”^“  mice  are 
significantly  more  responsive  to  mitogenic  stimulation,  syn¬ 
thesizing  more  RNA  (data  not  shown)  and  DNA  in  response 
to  B-cell  polyclonal  stimuli. 

p53  DNA-bInding  Sites  in  the  Regulatory  Regions  of 
Immunoglobulin  Genes.  To  further  explore  a  potential  re¬ 
lationship  between  p53  and  regulation  of  immunoglobulin 
gene  expression  or  immune  function,  we  searched  for  p53 
DNA  binding  sites  in  the  regulatory  regions  of  immunoglob¬ 
ulin  genes.  GenBank  searches  identified  two  potential  p53 
DNA  consensus  sites  in  both  the  human  DQ52  region  im¬ 
portant  for  heavy  chain  rearrangement  (4)  and  the  human 
VH6  gene  promoter  region  important  for  regulation  of  immu¬ 
noglobulin  chain  transcription  (11).  Analysis  of  the  corre¬ 
sponding  DQ52  region  in  the  mouse  revealed  the  presence 
of  at  least  two  potential  p53  sites,  suggesting  that  regulation 
by  p53  may  be  conserved.  In  addition,  we  noticed  a  remark¬ 
able  similarity  of  the  Kll  site  (4)  to  the  p53  recognition  ele¬ 
ment. 

We  tested  the  candidate  sites  for  their  ability  to  bind  to 
p53  protein  in  vitro  (Fig.  6A).  Fig.  6 A  demonstrates  a 
mobility  shift  of  a  p53  binding  site  from  p21  {Lanes  2),  as 
well  as  mobility  shifts  of  homologous  consensus  p53  bind¬ 
ing  sites  from  the  Immunoglobulin  gene  regulatory  regions 
Kll  (Lane  6),  DQ52  (Lanes  8  and  10),  and  VH6  (Lane  12).  No 
mobility  shifts  were  evident  in  the  absence  of  baculovirus 
p53  protein  (Fig.  6A,  Lanes  1,  3,  5,  7,  9,  and  11).  Compe¬ 
tition  experiments  showed  that  a  high-affinity  p53  binding 
site  derived  from  the  p21  gene  could  compete  with  p53 
binding  to  the  Kll  site  (Fig.  6S,  Lanes  3  and  4),  whereas  a 


non-p53  binding  site  was  a  much  weaker  competitor  (Fig. 
6S,  Lanes  5  and  6). 

Correlation  of  p53  Induction  with  Sterile  Transcription. 

Before  the  rearrangement  of  immunoglobulin  genes,  non¬ 
coding  transcripts  initiating  upstream  and  extending  beyond 
potential  rearrangement  sites  are  produced,  spliced,  and 
polyadenylated.  The  expression  of  the  sterile  transcripts  l/x 
and  11°,  derived  from  the  heavy  chain  locus  and  the  light 
chain  locus,  respectively,  may  be  a  necessary  prerequisite 
for  immunoglobulin  gene  rearrangement  (12-15).  To  deter¬ 
mine  whether  p53  binding  might  regulate  the  expression  of 
sterile  transcripts  and  thus  B-cell  development,  Ba/F3  (early 
B-cell  progenitor  cell  line),  HAC6  (pro-B-cell  line),  and  /x 
(pre-B-cell  line)  were  treated  with  the  DNA  damaging  agent 
Adriamycin  to  induce  p53.  Adriamycin  treatment  of  all  three 
ceil  lines  induced  p53  protein  (Fig.  7).  In  Adriamycin-treated 
Ba/F3  cells,  the  level  of  Iju,  transcripts  increased  2-  to  3-fold 
(Fig.  7).  K  light  chain  sterile  transcripts  were  not  expected  and 
were  not  detected  in  Ba/F3  cells  due  to  their  early  stage  of 
B-cell  development.  Adriamycin  treatment  of  both  HAC6  and 
/X  cells  resulted  in  the  induction  of  the  k  germ  line  sterile 
transcripts,  but  not  \fi  transcripts,  which  were  already  pres¬ 
ent  at  elevated  levels. 

Discussion 

Our  experiments  provide  a  novel  link  between  p53  and  the 
immune  response,  and  suggest  the  following  model.  Con¬ 
served  p53  DNA  binding  sites  located  in  the  regulatory 
regions  of  immunoglobulin  heavy  and  light  chain  genes 
may  enhance  sterile  transcription  and  immunoglobulin 
gene  rearrangement,  which  could  facilitate  B-cell  matura¬ 
tion.  Previous  studies  have  implicated  a  role  for  p53  in 
B-cell  maturation  (2,  16-18).  Host  deficiency  in  p53  may 
lead  to  less  efficient  immunoglobulin  gene  rearrangement, 
abnormal  B-cell  maturation,  and  decreased  tumor-spe¬ 
cific  immunoglobulin.  Abnormal  B-cell  maturation  in  the 
context  of  complete  p53  deficiency  may  predispose  the 
host  to  lymphoid  malignancy  and  infection.  A  significant 
number  of  p53~^”  mice  die  due  to  infectious  abscesses,  in 
the  absence  of  evident  tumor  (19). 

It  has  been  shown  previously  that  exposure  of  pre-B  cells 
to  ionizing  radiation  induced  differentiation  and  k  chain  gene 
expression  (2).  We  would  propose  that  binding  of  p53  to  the 
Kll  site  upstream  of  the  mouse  k  chain  J  cluster  genes  may 
facilitate  the  differentiation  of  B  cells  and  the  production  of  k 
chain  after  DNA  damage.  The  results  showing  induction  of 
germ  line  k  chain  expression  after  p53  induction  (Fig.  7B)  are 
consistent  with  this  hypothesis.  Future  experiments  will  de¬ 
termine  whether  p53  is  required  for  the  DNA  damage-in¬ 
duced  sterile  transcription. 

It  is  not  clear  that  the  decreased  immunoglobulin  deposi¬ 
tion  in  p53-null  mice  is  due  to  a  loss  of  an  antitumor  re¬ 
sponse,  and  the  precise  origin  of  the  immunoglobulin  within 
the  tumors  of  p53'^^"  mice  is  unknown.  We  speculate  that 
plasma  cells  whose  normal  maturation  was  stimulated  by  the 
tumors  may  secrete  immunoglobulin,  which  is  then  depos¬ 
ited  within  the  tumors.  The  immunoglobulin  deposition  may 
recruit  other  effectors  with  the  capacity  to  eliminate  tumor 
cells.  We  suspect  that  some  of  the  immunoglobulin  we  found 
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Fig.  3.  Analysis  of  p2lWAFi/ciPi  expression  in  tumors  derived  from  p53'''^“  and  p53~''“  mice.  Western  blot  analysis  of  a  subset  of  the  tumors  shown  in 
Table  1  was  performed  using  anti-mouse  p2lWAFi/cipi  polyclonal  antibody  OS100  as  described  in  “Materials  and  Methods.”  The  p53  genotype  of  the  mice 
from  which  the  tumors  were  derived  is  indicated  above  each  lane.  Protein  molecular  weight  size  markers  (in  thousands)  are  indicated  by  arrows  to  the  right. 
The  identity  of  each  tumor  shown  in  this  figure  can  be  found  in  Table  1  {Lane  1,  tumor  967;  Lane  2,  tumor  1434;  Lane  3,  tumor  971;  Lane  4,  tumor  1005; 
Lane  5,  tumor  1087;  Lane  6,  tumor  1239;  Lane  7,  tumor  1327;  Lane  8,  tumor  1367;  Lane  9,  tumor  1687;  Lane  10,  tumor  1713;  Lane  11,  tumor  1334;  Lane 
12,  tumor  1640). 


associated  with  cellular  fragments  may  represent  residue  of 
dying  cells.  However,  the  deposited  immunoglobulin  did  not 
appear  to  be  specific  for  such  fragments  because  some  was 
associated  with  tumor  cells  and  some  with  rare  small  round 
cells. 

It  is  also  not  clear  if  less  efficient  immunoglobulin  gene 
rearrangement  in  the  host  Is  the  underlying  mechanism  of 
decreased  immunoglobulin  deposition  in  p53-deficient  tu¬ 
mors.  Because  our  initial  studies  involved  the  p53  status  of 
the  host  mice,  we  favor  a  host  factor  to  explain  the  differ¬ 
ences  in  immunoglobulin  deposition.  It  is  interesting  that  one 
of  the  mouse  tumors  (1337)  from  a  p53'^^“  mouse  acquired 
a  second  hit  in  the  p53  gene  with  a  resultant  p53“^~  tumor 
genotype."^  The  relatively  high  levels  of  immunoglobulin  in 
this  tumor  are  consistent  with  the  hypothesis  that  a  host 
factor  may  be  responsible  for  the  difference  in  immunoglob¬ 
ulin  deposition  between  tumors  from  p53^^“  and  p53“^“ 
mice.  Our  observation  that  sera  derived  from  wild-type  p53- 
containing  tumor-bearing  mice  cross-reacted  with  antigens 
from  tumors  derived  from  both  p53'^''^  and  p53“^“  mice  also 
correlates  the  p53  status  of  the  host  to  the  presumptive 
immune  response. 

It  is  well  known  that  in  ataxia  telangiectasia  there  is  de¬ 
fective  VDJ  recombination,  immune  deficiency,  and  an  in¬ 
creased  incidence  of  lymphoid  malignancy  (20).  It  has  been 
shown  that  p53  induction  after  exposure  of  AT  cells  to  DMA 
damaging  agents  is  abnormally  delayed  (21).  Therefore,  it  is 
conceivable  that  the  defect  in  VDJ  recombination  may  be 
due  to  abnormal  p53  function  in  AT  cells,  i.e.,  a  downstream 
effect  of  abnormal  ATM  signaling  (22).  The  ability  of  p53  to 
bind  to  regulatory  regions  of  immunoglobulin  genes,  which 
are  critical  for  VDJ  recombination,  coupled  with  the  in¬ 
creased  numbers  of  immature  B  cells  in  p53“^“  mice,  is 
consistent  with  the  possibilities  that  p53  may  regulate  VDJ 
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recombination  and  that  defects  in  such  regulation  may  un¬ 
derlie  certain  defects  in  ataxia  telangiectasia.  Future  studies 
will  examine  the  effects  of  replacement  of  p53  on  VDJ  re¬ 
combination  and  maturation  of  B  cells  derived  from  AT  pa¬ 
tients. 

Because  p53“^“  mice  appear  to  be  predisposed  to  infec¬ 
tious  disease  (1 9),  it  is  unlikely  that  the  p53  status  of  the  host 
is  only  important  after  tumors  have  developed.  In  addition, 
the  high  prevalence  of  lymphoid  malignancy  in  p53“^“  mice 
has  not  been  adequately  explained.  We  would  propose  that 
the  absence  of  p53  contributes  to  a  B-cell  maturation  defect 
that  may  then  predispose  p53-null  mice  to  developing  lym¬ 
phomas. 

Materials  and  Methods 

Cell  Lines  and  Culture  Conditions.  The  human  glioblastoma  cell  line 
GM  was  a  gift  from  W.  Edward  Mercer  (Thomas  Jefferson  University).  GM 
cells  were  maintained  In  culture  as  described  previously  (23).  Induction  of 
the  exogenous  mouse  mammary  tumor  virus  promoter-driven  wild-type 
p53  gene  in  GM  cells  was  accomplished  by  incubating  them  in  the 
presence  of  1  jU,M  dexamethasone  for  20  h  as  described  previously  (24). 
M3  murine  lymphoma  cells  were  maintained  in  culture  as  described  pre¬ 
viously  (6).  Temperature  shift  to  32°C,  to  induce  the  wild-type  conforma¬ 
tion  of  the  exogenous  p53  temperature-sensitive  mutant,  was  carried  out 
for  24  h  before  harvesting  the  cells  as  described  previously  (25).  The 
murine  cell  lines  ji  (26),  I-IAC6  (27),  and  Ba/F3  (Ref.  28;  a  gift  from  Richard 
J.  Jones,  Johns  Hopkins  University,  Baltimore,  MD)  were  cultured  as 
described  previously  and  treated  with  0.2  /xg/ml  Adriamycin  for  20  h 
before  harvesting. 

Anti-Mouse  p2lWAFi/ciPi  Antibodies.  GST-muWAFI/CIPI  fusion 
protein,  containing  amino  acids  1-164  of  p2lWAFvcipi^  expressed 
in  Escherichia  coii  after  induction  with  isopropyl-1 -thio-jS-o-galactopy- 
ranoside  for  2  h  at  37°C.  Cells  were  lysed  by  passage  through  a  French 
Pressure  Cell  (SLM  Instruments),  and  the  insoluble  GST-muWAF1/CIP1 
was  recovered  by  centrifugation.  Approximately  10  mg  of  insoluble 
GST-muWAFI/CIPI  protein  was  resuspended  in  2.5  ml  of  SDS-PAGE 
sample  buffer  and  applied  to  a  Bio-Rad  PrepCell  for  purification.  Eluted 
fractions  from  the  PrepCell  containing  GST-muWAFI/CIPI  protein 
were  pooled  and  dialyzed  against  1  x  PBS  overnight  at  4°C.  At  this 
point,  the  protein  remained  soluble  and  was  further  concentrated  using 
an  Amicon  Stir  Cell. 
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Fig.  4.  A,  immunohistochemical  staining  of  tumors  derived  from  and  p53"^“  mice,  a-d,  antibodies  directed  against  murine  IgG  were  used  to  stain 

tumors  derived  from  p53^^“  (a  and  b)  and  p53“^“  (c  and  d)  mice.  The  identity  of  each  tumor  shown  can  be  found  in  Table  1  (a,  tumor  1239;  b,  tumor  1337; 
c,  tumor  1280;  d,  tumor  1706),  6,  reactivity  of  wild-type  p53  or  p53“^~  host  sera  against  tumor  antigens,  a-c,  tumor  iysates  were  prepared  from 
spontaneously  arising  tumors  in  a  p53“^“  mouse  {Lane  1),  or  two  different  p53''’^"  mice  {Lanes  2  and  3)  and  immunoblotted  using  sera  derived  from  the 
same  mice  (sera  in  A:  tumor  in  Lane  1]  sera  in  B:  tumor  in  Lane  3;  sera  in  C;  tumor  in  Lane  2)  as  described  in  “Materials  and  Methods.”  The  p53  genotype 
of  the  mice  from  which  the  tumors  were  derived  is  indicated  above  each  lane.  Protein  molecular  weight  size  markers  (in  thousands)  are  indicated  by  arrows 
to  the  left  of  each  panel,  d  and  e,  Western  analysis  of  p53  and  p53~^~/Wnt1  tumors  using  pooled  sera  derived  from  either  p53~'^/Wnt1  (D)  or 

p53‘*'^'*7l/l/nf1  (B)  tumor-bearing  mice.  The  identity  of  each  tumor  shown  can  be  found  in  Table  2  {Lane  1,  tumor  2;  Lane  2,  tumor  10;  Lane  3,  tumor  30;  Lane 
4,  tumor  70;  Lane  5,  tumor  75;  Lane  6,  tumor  98;  Lane  7,  tumor  1 54;  Lane  8,  tumor  1 62;  Lane  9,  tumor  372;  Lane  10,  tumor  388B;  Lane  11,  tumor  430;  Lane 
12,  tumor  455;  Lane  13,  tumor  460;  Lane  14,  tumor  477). 
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Fig.  5.  A,  a-d,  increased  white  pulp  in  spleens  derived  from  p53^  ^  *  and  p53  ^  mice.  Spleens  from  a  pSS"'^  {left)  or  a  p53“^"  mouse  {right)  were 
cryosectioned  and  stained  with  H&E.  Photomicrographs  are  shown  at  25  x  {top)  or  200  x  {bottom).  Bottom  photomicrographs  represent  a  magnification  of 
the  area  enclosed  by  the  black  boxes  in  the  top  photomicrographs.  B,  a  and  b,  analysis  of  B-cell  compartments  in  the  bone  marrows  of  p53  *  and  p53“^“ 
mice.  Bone  marrow  cells  were  obtained  from  the  femurs  and  tibias  of  either  p53  *  ^ '  or  p53  ^  mice  and  stained  with  a  combination  of  phycoerythrin- 
conjugated  anti-B220  and  FlTC-conjugated  F(ab')2  anti-mouse  IgM.  Cells  were  analyzed  on  a  FACScan.  Values  represent  the  percentage  of  cells  in  each 
quadrant.  We  show  one  of  two  representative  experiments.  C,  a  and  b,  proliferative  responses  of  splenic  B  cells.  B  cells  were  isolated  from  the  spleens 
of  either  p53“^^''',  p53''’^"“,  or  p53“^ '  mice.  B  cells  were  cultured  for  72  h  with  increasing  concentrations  of  F(ab')2  fragments  of  rabbit-anti  mouse  IgM  (fop), 
or  with  50  mg/ml  LPS  {bottom).  pHjThymidine  was  Included  for  the  final  12  h  of  culture.  We  show  one  of  two  representative  experiments. 


For  generation  of  rabbit  polyclonal  antibodies,  New  Zealand  white 
rabbits  were  injected  intranodally  with  50  mg  of  purified  GST-muWAFI/ 
CIP1  on  five  successive  occasions.  Rabbit  sera  were  initialiy  screened  by 
capture  ELISA  as  described  (29)  and  subsequently  purified  over  Protein  A 
Agarose  (Pharmacia,  Uppsala,  Sweden). 

For  mouse  monoclonals,  female  (BALB/c  x  C57B1/6)  FI  mice  (Charies 
River  Breeding  Laboratories)  were  immunized  by  i.p.  injection  with  10  mg 
of  electroeluted  GST-muWAF1/CiP1  protein  in  RibI  adjuvant  (Ribi  Immu- 
nochem  Research,  Inc.)  at  weeks  0,  4,  7,  and  15.  Serum  was  obtained 
from  the  intraorbital  plexus  on  weeks  9  and  16.  Serum  titers  were 
measured  by  capture  ELISA  using  GST-muWAFI/CIPI  or  GST-huMDM2 
as  described  previously  (30).  Specificity  toward  was 

determined  by  immunoblot  using  a  1 :500  dilution  of  serum  on  purified  GST- 
WAF1/CIP1  and  on  lysates  of  mouse  fibroblasts  expressing  p2iWAFi/ciPi 
p2iWAFi/ciPi  ^33  induced  in  mouse  fibroblasts  by  treatment  of  cells  with 
actinomycin  D  at  0.5  nwi  finai  concentration  for  48  h  followed  by  lysis  in  Lane’s 
lysis  buffer  with  protease  inhibitors.  Antigen-antibody  complexes  were  de¬ 
tected  by  incubation  with  horseradish  peroxidase- conjugated  goat  anti¬ 
mouse  IgG  heavy  and  light  chain  (Pierce,  Rockford,  IL)  followed  by  develop¬ 


ment  with  enhanced  chemiluminescence  (Amersham,  Amersham  Place, 
England)  and  exposure  of  blots  to  X-ray  film.  Candidate  hybridomas  were 
subcloned  twice  by  limiting  dilution.  Monoclonal  antibodies  were  purified 
from  mouse  ascites  by  chromatography  over  Protein  G  Plus-Agarose  (On¬ 
cogene  Research  Products,  Calbiochem,  Cambridge,  MA). 

Mice,  Sera,  and  Tumor  Samples.  Healthy  4-6-week-old  female 
p53  ' ,  p53  '  ‘  ,  and  p53  '  transgenic  mice  were  obtained  from  laconic 
Farms  (Germantown,  NY).  The  mice  were  euthanized  using  an  approved 
Institutional  Animal  Care  and  Use  Committee  Protocol,  which  followed 
recommendations  of  the  Panel  on  Euthanasia  of  the  American  Veterinary 
Medical  Association.  Spleens,  intestines,  and  thymuses  were  snap  frozen 
in  liquid  nitrogen  and  kept  at  -80°C  until  further  use.  Sera  from  normal  or 
tumor-bearing  mice  were  stored  at  -SO^C  until  used.  Tumors  were  har¬ 
vested  from  tumor-bearing  mice  (10  p53  '  9  p53  ''^“,  7  p53  '  ^  and 

7  p53  and  stored  at  -80°C  until  protein  lysates  were  prepared,  or 

until  cryosectioning  as  described  previously  (30).  We  cryosectioned  and 
performed  H&E  staining  of  the  tumors  to  confirm  their  neoplastic  origin  and 
to  assure  that  the  samples  were  composed  primarily  (>95%)  of  cancer  cells 
versus  infiltrating  cells  or  stromal  elements  (data  not  shown). 


Cell  Growth  &  Differentiation  129 


Fig.  6.  Analysis  of  p53  binding  to  putative  DNA  consensus  sites  in  the 
regulatory  regions  of  immunoglobulin  genes.  A,  EMSA  results  showing 
p53  binding  to  a  p21  site  {Lane  2),  a  nonspecific  site  {DCS;  Lane  4),  a  Kll 
site  {Lane  6),  DQ52  sites  {Lanes  8  and  10),  and  a  VH6  site  {Lane  12).  Lanes 
1,  3,  5.  7,  9,  and  11  contain  no  baculovirus  p53  protein.  B,  EMSA  results 
demonstrating  p53  binding  to  a  Kll  site  {Lane  2)  and  competition  by 
increasing  concentration  (10x  and  20x}  of  a  p21  site  {Lanes  3  and  4)  or 
a  nonspecific  competitor  {Lanes  5  and  6). 


Western  Blot  Analysis.  Equivalent  amounts  of  protein  from  mouse 
tumors  or  cell  lysates  were  separated  by  SDS-PAGE  using  15%  resolving 
gels,  transferred  to  Immobilon  P  membrane  (Millipore,  Bedford,  MA),  and 
immunoblotted  with  either  antibodies  (see  above),  anti¬ 

mouse  IgG  (heavy  and  light)  antibodies  (Pierce),  or  polyclonal  mouse  k  or 
A  chain-specific  antibodies  (Cappell,  Durham,  NC)  as  described  previ¬ 
ously  (25). 

EMSAs.  The  mouse  anti-human  p53  monoclonal  antibody  pAb421 
(Abl ;  Oncogene  Research  Products,  Calbiochem)  was  used  to  detect 
specific  DNA  binding  by  p53  using  EMSAs  as  described  previously 
(31),  except  that  either  a  p21  binding  site  was  used  as  the  probe 
(5'-CAGGAACATGTCCCAACATGTTGAGC-3':  site  1;  Ref.  30),  or  pu¬ 
tative  p53  sites  from  immunoglobulin  regulatory  regions  were  used 
(Table  3).  The  DNA  binding  buffer  contained  the  following  in  20  jul:  1 0% 
glycerol,  20  mM  HEPES  (pH  7.5),  25  mM  KCI,  2  mM  DTT,  2  mM  MgCl2, 
0.2%  NP40,  1  jutg  poly(deoxyinosinic-deoxycytidylic  acid),  and  2  /ig  of 
baculovirus-produced  wild-type  p53  (32)  (gift  from  B.  Vogelstein, 
Johns  Hopkins  University),  The  cell  lysis  buffer  was  prepared  as  de¬ 
scribed  previously  (33),  except  that  it  also  contained  1  %  antipain 
(Sigma,  St.  Louis,  MO),  1  %  leupeptin  (Sigma),  1  %  pepstatin  A  (Sigma), 
1%  chymostatin  (Sigma),  and  0.1  %  AEBSF  (Oncogene  Research  Prod¬ 
ucts,  Calbiochem). 

Stimulation  of  B-Cell  Proliferation.  LPS  (from  Salmonella  typhosa) 
was  purchased  from  Sigma.  Rabbit  antibody  specific  for  mouse  IgM 
was  purified  from  the  sera  of  rabbits  immunized  with  mouse  IgM  by 
chromatography  on  protein  A-Sepharose  (Sigma).  The  purified  immu¬ 
noglobulin  was  digested  with  papain  to  generate  F(ab')  fragments  as 
described  (34).  Bone  marrow  cells  were  flushed  from  the  femurs  and 
tibias  of  individual  p53'^^'^  and  p53”^"  mice.  Red  blood  cells  were 
lysed  by  osmotic  shock  in  Gey’s  solution  (35).  Mature  B  cells  were 
isolated  from  the  spleens  of  individual  p53^^^,  p53‘^^“,  and  p53“^“ 
mice  exactly  as  described  (36).  Lymph  node  cells  were  isolated  from 
pooled  axillary,  brachial,  inguinal,  and  mesenteric  lymph  nodes  of 
individual  p53^^'^,  p53^^",  and  p53“^“  mice.  B  cells  (2  x  10®/well) 
were  cultured  in  B-cell  assay  medium  [RPMI  1640  with  10%  FCS,  0.1 
mM  nonessential  amino  acids,  OPI  (Life  Technologies;  proprietary  for¬ 
mula),  100  mM  glutamine,  100  units/ml  penicillin,  100  jitg/ml  strepto¬ 
mycin,  and  50  jjlm  2-mercaptoethanol]  with  either  F(ab')2  fragments  of 


Fig.  7.  Analysis  of  sterile  transcripts  after  p53  induction  by  Adriamycin  in 
Ba/F3,  HAC6,  and  /x  cells.  p53  was  detected  by  Western  blot  analysis.  The 
following  number  of  PCR  cycles  were  used  in  the  linear  range:  Ba/F3  cells: 
l/x  (30  cycles),  k  germ  line  (30  cycles);  HAC6  cells:  Iju.  (15  cycles),  k  germ 
line  (30  cycles);  and  /x  cells:  l/x  (15  cycles),  k  germ  line  (25  cycles).  28S 
rRNA  was  detected  using  five  cycles  of  PCR. 


rabbit  anti-mouse  IgM,  or  with  50  p-g/ml  LPS  in  96-well  flat-bottom 
plates  (Costar).  To  measure  entry  into  S  phase,  pH]thymidine  (1  jxCi/ 
well)  was  included  for  the  final  1 2  h  of  a  72-h  culture.  Lymph  node  cells 
(2  X  lOVwell)  were  cultured  with  either  F(ab')2  fragments  of  rabbit 
anti-mouse  IgM,  or  with  concanavalin  A  in  96-well  flat-bottom  plates. 
To  measure  entry  into  S  phase,  pHJthymidine  (1  jxCi/well)  was  included 
for  the  final  1 2  h  of  culture.  Thymidine  incorporation  was  determined  by 
liquid  scintillative  spectrometry. 

FACS.  Phycoerythrin-conjugated  antibody  specific  for  mouse  CD45R 
(B220)  and  phycoerythrin-conjugated  antibody  specific  for  mouse  Thy-1 .2 
were  purchased  from  PharMingen  (San  Diego,  CA).  FITC-conjugated  goat 
F(ab')2  antibody  specific  for  mouse  IgM  was  purchased  from  Jackson 
Immunoresearch  Laboratories,  Inc.  (West  Grove,  PA).  Cells  (5  x  10^-10®/ 
group)  were  equilibrated  in  staining  buffer  (PBS  with  0.1%  BSA,  0.1% 
NaNg)  for  30  min  on  ice.  Antibody  was  added  (1  /xg/ml  in  staining  buffer), 
and  cells  were  incubated  for  an  additional  30  min  on  ice.  After  two  washes 
with  staining  buffer,  cells  were  fixed  in  1  %  paraformaldehyde  and  kept  at 
4°C  until  analyzed  on  a  FACScan  (Becton  Dickinson,  San  Jose,  CA)  using 
Lysis  II  software. 

RT-PCR  of  Immunoglobulin  Sterile  Transcripts.  Total  RNA  was  iso¬ 
lated  from  fi,  HAC6,  and  Ba/F3  cell  lines  using  the  TOTALLY  RNA  isolation 
kit  (Ambion),  and  5  jxg  was  reverse  transcribed  using  Superscript  RT  II 
(Life  Technologies)  according  to  the  manufacturer’s  protocol.  PCR  assays 
were  carried  out  using  one-tenth  of  the  RT  reaction  in  a  final  volume  of  20 
/xl  containing  0.1  jxCi  (7-^^P)  dCTP  as  described  previously  (37).  The 
following  primer  pairs  were  used  to  amplify  the  l/x  transcript:  5'-GGT  GGC 
TTT  GAA  GGA  ACA  ATT  CCA  C-3'  and  5'-TCT  GAA  CCT  TCA  AGG  ATG 
CTC  TTG-3'.  PCR  was  carried  out  for  15  or  30  cycles  of  denaturing  at 
95®C  for  30  s,  annealing  at  60°C  for  60  s,  and  chain  elongation  at  72®C  for 
30  s.  28S  rRNA  was  used  as  a  internal  control  for  amplification  efficiency 
as  described  previously  (37).  Primers  and  conditions  for  k  light  chain  germ 
line  transcript  were  done  as  described  (4). 
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By  crossing  mice  that  carry  a  null  allele  of  p53  with  transgenic  mice  that  develop  mammary  adenocarcinomas 
under  the  influence  of  a  Wnt-1  transgene,  we  have  studied  the  consequences  of  p53  deficiency  in  mammary 
gland  neoplasia.  In  Wnt-1  transgenic  mice  homozygous  for  the  p53  null  allele,  tumors  appear  at  an  earlier  age 
than  in  animals  heterozygous  or  wild-type  at  the  p53  locus.  About  half  of  the  tumors  arising  in  p53 
heterozygotes  exhibit  loss  of  the  normal  p53  allele,  implying  selection  for  p53-deficient  cells.  Mammary 
tumors  lacking  p53  display  less  fibrotic  histopathology  and  increased  genomic  instability  with  aneuploidy, 
amplifications,  and  deletions,  as  detected  by  karyotype  analysis  and  comparative  genomic  hybridization.  In 
one  tumor,  the  amplified  region  of  chromosome  7  had  an  ectopically  expressed  int-2/FGF3  proto-oncogene,  a 
gene  known  to  cooperate  with  Wnt-1  in  the  production  of  mammary  tumors.  These  findings  favor  a  model  in 
which  p53  deficiency  relaxes  normal  restraints  on  chromosomal  number  and  organization  during 
tumorigenesis. 

[Key  Words:  p53;  Wnt-1  •,  mammary  tumors;  genomic  instability;  mouse;  tumor  model] 
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The  p53  tumor  suppressor  gene  is  the  known  gene  mu¬ 
tated  most  frequently  in  human  cancers,  with  deletions 
and  point  mutations  observed  in  almost  half  of  all  tu¬ 
mors  and  in  about  one-fourth  of  all  sporadic  breast  can¬ 
cers  (Greenblatt  et  al.  1994).  In  addition  to  their  frequent 
occurrence  in  spontaneously  arising  tumors,  p53  muta¬ 
tions  have  also  been  identified  in  the  germ  line  of  some 
individuals  with  an  inherited  cancer  predisposition 
called  Li-Fraumeni  syndrome  (Malkin  et  al.  1990; 
Srivastava  et  al.  1990).  The  presence  or  absence  of  p53 
mutations  in  a  human  tumor  may  have  important  clin¬ 
ical  implications.  A  number  of  studies  have  shown  that 
tumors  missing  wild-type  p53  are  likely  to  have  a  rela¬ 
tively  poor  prognosis  (Callahan  1992;  Thor  et  al.  1992). 
Moreover,  tumors  with  mutant  p53  appear  to  be  signif¬ 
icantly  more  resistant  to  the  effects  of  radiation  and 
other  anticancer  drugs  (Lowe  et  al.  1993a,  1994). 

The  importance  of  p53  loss  in  cancer  is  illustrated  fur¬ 
ther  by  genetically  engineered  mice  that  contain  one  or 
two  defective  germ-line  p53  alleles  (Donehower  et  al. 
1992;  Jacks  et  al.  1994;  Purdie  et  al.  1994).  Mice  with  two 


defective  p53  alleles  (p53  -  /  - )  are  developmentally  nor¬ 
mal,  but  all  succumb  to  tumors  by  the  age  of  10  months 
(Donehower  et  al.  1992;  Harvey  et  al.  1993a,b;  Jacks  et 
al.  1994;  Purdie  et  al.  1994).  Mice  with  a  single  defective 
p53  allele  (p53  +  /  - )  acquire  tumors  at  a  later  age,  but  by 
18  months  half  of  these  mice  have  developed  cancer 
(Harvey  et  al.  1993a).  Lymphomas  and  sarcomas  are  the 
most  frequently  observed  tumor  types  in  the  p53-defi- 
cient  animals,  whereas  carcinomas  (including  mammary 
adenocarcinomas)  are  only  seen  infrequently. 

We  have  now  developed  an  experimental  model  to 
study  the  role  of  p53  in  mammary  tumorigenesis  by 
crossing  mice  that  carry  a  disrupted  p53  allele  with 
transgenic  mice  programmed  to  express  a  proto-onco¬ 
gene  in  the  mammary  gland.  We  show  that  the  biological 
and  genetic  properties  of  mammary  tumors  initiated  by 
ectopic  expression  of  Wnt-1  are  dramatically  influenced 
by  the  presence  or  absence  of  p53.  Mammary  adenocar¬ 
cinomas  appear  earlier  in  both  male  and  female  p53  -/- 
animals.  About  half  of  the  tumors  arising  in  p53  het¬ 
erozygotes  show  loss  of  heterozygosity,  although  they 
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are  not  detected  earlier  than  tumors  that  retain  wild-type 
p53.  p53-deficient  tumors  differ  histologically  from  p53- 
containing  tumors  and  exhibit  several  manifestations  of 
genomic  instability:  aneuploidy  in  metaphase  spreads 
and  genomic  regions  of  increased  and  decreased  DNA 
sequence  copy  number  as  seen  by  comparative  genomic 
hybridization.  These  results  with  transgene-induced 
cancers  in  animals  extend  previous  studies  with  cultured 
cell  lines  (Bischoff  et  al.  1990;  Livingstone  et  al.  1992; 
Yin  et  al.  1992)  to  support  a  model  for  p53  as  a  cell-cycle 
checkpoint  protein  whose  loss  leads  to  karyotypic  insta¬ 
bility  and  cancer. 

Results 

Mammary  tumors  are  detected  earlier  in  Wnt-1 
transgenic  animals  lacking  a  normal  p53  gene 

To  determine  the  effect  of  germ-line  loss  of  p53  alleles 
on  Wht-f -induced  mammary  tumorigenesis,  we  crossed 
p53-deficient  mice  with  Wnt-1  transgenic  mice  (Wnt-1 
TG).  The  transgene  in  the  Wnt-1  TG  mice  mimics  a 
mouse  mammary  tumor  virus  (MMTV)  insertion  at  the 
Wnt-1  locuS;  with  the  MMTV  long  terminal  repeat 
(MMTV  LTR)  in  the  opposite  transcriptional  orientation 
to  the  mouse  Wnt-1  gene.  Previous  studies  have  verified 
ectopic  expression  of  the  Wnt-1  transgene  in  the  mam¬ 
mary  gland,  accompanied  by  marked  mammary  gland 
hyperplasia  in  both  female  and  male  transgenic  animals 
(Tsukamoto  et  al.  1988;  Kwan  et  al.  1992).  Because  of  the 
hyperplasia  in  the  Wnt-1  TG  female  mammary  glands, 
the  animals  are  unable  to  nurse  their  pups.  For  this  rea¬ 
son,  we  used  only  Wnt-1  TG  males  in  crosses  to  the 
p53- deficient  mice.  Following  the  crosses,  12  categories 
of  animals  were  maintained  on  the  basis  of  different 
combinations  of  genotypes:  males  and  females  that  carry 
or  lack  the  Wnt-1  transgene  and  exhibit  one  of  the  three 
possible  p53  genotypes  (-f-/-H,  +/  —  ,or  -  /-  ).  At  least 
16  virgin  animals  in  each  category  were  maintained  for 
up  to  1  year  of  age  while  being  monitored  weekly  for 
tumors  (see  Materials  and  methods). 

No  mammary  adenocarcinomas  were  observed  in  any 
males  and  females  without  the  Wnt-1  transgene,  regard¬ 
less  of  p53  genotype.  As  expected,  nontransgenic 
p53  —  /  —  animals  developed  nonmammary  tumors 
within  the  first  several  months  of  life  and  all  succumbed 
to  cancer  by  9  months  of  age,  consistent  with  previous 
experience  in  other  genetic  backgrounds  (Harvey  et  al. 
1993a, b;  Jacks  et  al.  1994;  Purdie  et  al.  1994).  In  addition, 
4  of  27  p53  -h  /  -  mice  developed  nonmammary  tumors 
by  1  year  of  age  at  a  rate  similar  to  that  observed  previ¬ 
ously  (Harvey  et  al.  1993a).  No  tumors  of  any  kind  were 
observed  in  the  nontransgenic  p53  animals. 

All  of  the  female  mice  containing  the  Wnt-1  transgene 
developed  mammary  adenocarcinomas  by  41  weeks  of 
age  (Fig.  lA).  Tumors  were  detected  in  Wnt-1  TG 
p53-h/  -\-  females  at  a  median  age  of  22.5  weeks,  a  rate 
similar  to  that  observed  previously  for  Wnt-1  TG  females 
(Tsukamoto  et  al.  1988;  Kwan  et  al.  1992;  Shackleford  et 
al.  1993).  Likewise,  tumors  appeared  in  the  Wnt-1  TG 


Figure  1.  Tumor  incidence  in  Wnt-1  TG  mice  with  wild-type 
and  defective  germ-line  p53  alleles.  The  percentage  of  animals 
in  each  group  free  of  palpable  tumors  (~0.5  cm  in  diam.)  was 
plotted  at  weekly  intervals.  (A)  Wnt-1  TG  females.  Sixteen 
Wnt-1  TG  p53-/-  (□),  32  Wnt-1  TG  p53-H/~  (A),  and  16 
Wnt-1  TG  p53  +  /+  (O)  virgin  females  were  monitored  for 
mammary  adenocarcinomas.  [B]  Wnt-1  TG  males.  Twelve 
Wnt-1  TG  p53-/-  (□),  22  Wnt-1  TG  p53  +  /-  (A),  and  21 
Wnt-1  TG  p53-\-/-^  (O)  males  were  monitored  for  mammary 
tumors  up  to  1  year  of  age. 


p53  -f  /  -  females  with  a  median  time  of  23  weeks,  sug¬ 
gesting  that  inheritance  of  a  single  normal  p53  allele 
does  not  confer  any  increase  in  susceptibility  to  tumor 
formation.  In  contrast,  tumors  were  detected  signifi¬ 
cantly  earlier  in  Wnt-1  TG  females  with  two  defective 
germ-line  p53  alleles  (Fig.  lA).  All  of  the  females  with 
the  Wnt-1  TG  p53  -  /  -  genotype  developed  at  least  one 
mammary  tumor  between  the  ages  of  7  and  15  weeks, 
with  a  mean  time  of  11.5  weeks. 

Nine  of  21  (43% )  Wnt-1  TGp53  males  and  7  of  22 

(32% )  Wnt-1  TG  p53  +  /  ~  males  developed  mammary 
tumors  by  the  age  of  1  year  (Fig.  IB),  proportions  slightly 
greater  than  observed  for  Wnt-1  TG  males  in  previous 
studies  (Tsukamoto  et  al.  1988;  Kwan  et  al.  1992;  Shack¬ 
leford  et  al.  1993).  The  Kaplan-Meier  plots  are  not  su- 
perimposable  for  these  two  cohorts,  but  the  rates  of  ap- 
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pearance  of  tumors  were  judged  to  be  not  significantly 
different  by  the  generalized  Wilcoxon  test.  The  male 
Wnt-1  TG  p53-  /  -  animals,  however,  displayed  a  dra¬ 
matic  increase  in  the  rate  of  appearance  of  mammary 
tumors  compared  with  their  Wnt-1  TG  p53-l-/-  and 
Wnt-1  TG  p53  H-  /  -H  counterparts  (Fig.  IB).  Of  16  of  these 
animals,  12  developed  mammary  tumors  by  6  months  of 
age,  whereas  the  other  4  succumbed  to  thymic  lympho¬ 
mas  within  the  first  6  months,  precluding  adequate  eval¬ 
uation  for  mammary  tumors.  (These  latter  animals  are 
not  included  in  Fig,  IB.)  For  those  Wnt-1  TG  p53-/- 
males  that  developed  mammary  adenocarcinomas,  the 
median  time  required  to  form  a  detectable  tumor  was 
15.5  weeks,  nearly  as  short  as  the  median  time  for  ap¬ 
pearance  of  mammary  tumors  in  Wnt-1  TG  p53-/- 
females. 


Analysis  of  the  wild-type  p53  allele(s)  in  mammary 
tumors  from  Wnt-1  TG  p53  +  /  -  and  Wnt-1 
TG  p53  +  /+  mice 

p53  allele  loss  accompanied  by  point  mutation  in  the 
remaining  p53  allele  is  a  frequent  occurrence  in  human 
tumors,  and  we  and  others  have  observed  loss  of  the 
normal  p53  allele  when  mesenchymal  tumors  and  lym¬ 
phomas  arise  in  p53  +  /-  mice  (Harvey  et  al.  1993a; 
Jacks  et  al.  1994;  Purdie  et  al.  1994).  To  detect  loss  of 
heterozygosity  (LOH)  of  the  wild-type  allele  during  the 
development  or  progression  of  mammary  tumors  in 
Wnt-1  TG  p53  +  /  -  mice,  we  analyzed  the  structure  of 
the  intact  p53  allele  in  those  tumors  by  Southern  blot 
hybridization.  Of  18  tumors  from  Wnt-1  TG  p53-\-/- 
females,  8  showed  virtually  complete  loss  of  the  remain¬ 
ing  wild- type  p53  allele,  whereas  the  other  10  tumors 
contained  the  normal  allele  (Fig.  2).  In  two  of  these  latter 
tumors,  comparison  of  the  hybridization  intensities  of 
the  normal  and  mutant  p53  alleles  suggests  that  the  nor¬ 
mal  p53  allele  is  lost  from  some  tumor  cells  but  retained 
in  others.  Four  tumors  from  male  Wnt-1  TG  p53  +  /- 
animals  were  also  tested:  Two  lacked  the  wild-type  al¬ 
lele  entirely,  and  it  was  underrepresented  in  a  third  (data 
not  shown).  In  tumors  from  Wnt-1  TG  p53  +  /  -  animals 
that  displayed  p53  LOH,  comparison  of  hybridization  to 
the  mutant  allele  and  the  p53  pseudogene  suggested  that 
the  mutant  allele  was  not  duplicated  in  tumors  from 
either  females  and  males  (Fig.  2;  data  not  shown). 


The  appearance  of  LOH  in  a  high  proportion  of  cells 
from  about  half  of  the  tumors  in  heterozygous  animals 
indicated  that  cells  lacking  an  intact  p53  gene  might 
have  a  selective  growth  advantage.  However,  when  we 
replotted  the  data  shown  in  Figure  1 A  to  separate  tumors 
with  LOH  from  those  without  LOH,  p53  deficiency  did 
not  correlate  with  the  detection  of  tumors  at  an  earlier 
age.  On  average,  tumors  with  LOH  were  detected 
slightly  later  than  those  that  retained  a  normal  p53  allele 
(data  not  shown). 

To  determine  whether  point  mutations  had  occurred 
in  the  wild-type  p53  allele  of  the  Wnt-1  TG  p53  +  /“ 
tumors  that  had  not  undergone  loss  of  heterozygosity, 
we  sequenced  nearly  the  entire  coding  region  of  p53 
cDNAs  from  four  of  these  tumors  (see  Materials  and 
methods).  Because  of  the  PGR  primers  used,  the  first  18 
bp  and  the  last  21  bp  of  the  p53-protein  coding  sequences 
could  not  be  determined,  but  the  rest  of  the  sequence 
was  wild-type  (data  not  shown). 

Southern  blot  analyses  and  previous  sequencing  of  p53 
cDNAs  derived  from  mammary  tumor  RNAs  from 
Wnt-1  TG  mice  (V.  Pecenka  and  H.E.  Varmus,  unpubl.) 
failed  to  reveal  any  changes  in  the  p53  gene  when  both 
p53  alleles  are  intact  in  the  germ  line. 

All  of  the  mammary  tumors  are  adenocarcinomas, 
but  they  differ  in  the  degree  of  fibrosis  depending  on 
p53  status 

We  performed  standard  histopathological  examination 
on  most  of  the  mammary  tumors  in  the  study.  A  total  of 
40  tumors  from  female  mice  and  18  tumors  from  male 
mice  were  evaluated  for  general  histoarchitecture  and 
mammary  tumor  classification,  without  prior  knowl¬ 
edge  of  p53  genotype.  The  majority  of  the  tumors  in  fe¬ 
male  mice  (29/40)  and  in  male  mice  (11/18)  were  type-B 
mammary  adenocarcinomas  (Sass  and  Dunn  1979).  This 
pathological  type  was  the  most  common  regardless  of 
the  p53  genotype  or  sex  of  the  animal.  The  rest  of  the 
tumors  were  either  papillary  cystic  adenocarcinomas  or 
type-A  adenocarcinomas,  two  morphological  variants 
that  are  more  differentiated  and  less  aggressive  than  the 
type  B  adenocarcinomas. 

Extensive  fibrosis  was  observed  in  most  of  the  tumors 
arising  in  the  Wnt-1  TG  p53  +  /  +  female  mice  (Fig.  3A). 
In  contrast,  tumors  from  Wnt-1  TGp53  -  /  -  females  did 


Figure  2.  Loss  of  the  wild-type  allele  in  some 
Wnt-1  TG  p53-\-/-  tumors.  Each  lane  con¬ 
tains  10  jJLg  of  tumor  DNA  from  individual  fe¬ 
male  Wnt-1  TG  p53  +  /  -  tumors  cleaved  with 
BamHl.  After  agarose  gel  electrophoresis,  the 
DNAs  were  transferred  to  nylon  and  hybrid¬ 
ized  to  the  p53  cDNA  exon  2r-6  probe.  The 
relevant  BamHl  fragments  are  ~5  kb  (from  the 
wild-type  allele),  6.5  kb  (from  the  null  allele), 
and  10  kb  (from  the  p53  pseudogene).  Lane  N 
contains  tail  DNA  from  one  of  the  tumor-bear¬ 
ing  animals. 
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Figure  3,  Fibrotic  and  nonfibrotic  histo- 
pathology  in  mammary  tumors  from  mice 
with  different  p53  genotypes.  (A)  Histopa- 
thology  section  of  a  tumor  from  a  Wnt-1 
TG  p53  +  /+  female.  [B]  Histopathology 
section  of  a  tumor  that  retained  the  wild- 
type  p53  allele  from  a  Wnt-1  TG  p53  +  /  - 
female.  (C)  Histopathology  section  from  a 
tumor  that  had  lost  the  wild-type  p53  al¬ 
lele  from  a  Wnt-1  TG  p53  +  /  -  female.  (D) 
Histopathology  section  of  a  tumor  from  a 
Wnt-1  TG  p53  -  /  -  female.  All  slides  are 
stained  with  hematoxylin  and  eosin.  Mag¬ 
nification,  94  X. 


not  exhibit  significant  fibrosis  and  frequently  contained 
multiple  mitotic  cells  and  signs  of  anaplasia  (Fig.  3D). 
Similar  trends  were  apparent  in  the  smaller  collection  of 
tumors  from  male  mice  (data  not  shown).  Tumors  from 
Wnt-1  TG  p53  +  /  -  females  varied  with  respect  to  the 
degree  of  fibrosis  and  number  of  mitotic  cells.  When 
some  of  these  tumors  were  assessed  for  loss  of  the  wild- 
type  allele,  as  illustrated  in  Figure  2,  retention  of  the 
wild-type  allele  correlated  quite  well  with  more  exten¬ 
sive  fibrosis  and  infrequent  mitotic  cells  (Fig.  3B,C).  Of 
19  mammary  adenocarcinomas  with  wild- type  p53  that 
were  examined  {p53  +  /  +  and  p53  H-  /  -  without  LOH), 
14  showed  extensive  fibrosis.  In  contrast,  in  tumors 
without  wild-type  p53  {p53-/~  and  p53-\-/-  with 
LOH),  only  1  of  12  tumors  exhibited  fibrosis.  These  find¬ 
ings  suggest  that  significant  biological  differences  may 
exist  between  those  tumors  that  produce  and  those  that 
do  not  produce  p53  protein. 

Metaphase  spreads  reveal  a  tendency  to  aneuploidy 
in  p53-deficient  mammary  tumor  cell  explants 

Earlier  studies  have  revealed  that  p53-deficient  cells  in 
culture  exhibit  genomic  instability  as  manifested  by  ane¬ 
uploidy  and  susceptibility  to  gene  amplification  (Living¬ 
stone  et  al.  1992;  Yin  et  al.  1992).  To  determine  whether 
partial  or  complete  loss  of  p53  predisposes  cells  to  ane¬ 
uploidy  during  tumorigenesis  in  vivo,  we  examined  the 
karyotypes  of  cultured  cells  from  five  mammary  tumors 
from  Wnt-1  TG  p53  -H  /  +  females,  four  mammary  tu¬ 
mors  from  Wnt-1  TG  p53-\-/  -  females,  and  six  mam¬ 
mary  tumors  from  Wnt-1  TG  p53-  /  -  females.  Karyo¬ 
typing  was  performed  on  cells  grown  in  culture  for  24—48 
hr  after  dispersion  from  mammary  tumors.  Cultures 
were  incubated  with  Colcemid,  fixed,  and  stained  ac¬ 
cording  to  standard  procedures  (Fig.  41, J),  and  the  chro¬ 
mosomes  of  25-50  metaphase  spreads  were  counted  for 


each  tumor.  Any  chromosome  count  other  than  40  (the 
mouse  diploid  chromosome  number)  was  considered 
aneuploid.  Chromosome  numbers  are  given  in  Figure  4 
for  all  cells  analyzed  from  eight  representative  tumors. 
Overall,  the  results  demonstrate  that  the  absence  of  p53 
predisposes  tumor  cells  to  aneuploidy. 

Cells  from  Wnt-1  TG  p53-\-  /  +  tumors  were  typically 
exactly  diploid  (Fig.  4A,B).  In  cells  from  five  such  tu¬ 
mors,  >70%  of  the  metaphase  spreads  were  diploid,  and 
the  occasional  deviant  cells  were  usually  exactly  tetra- 
ploid  or  very  nearly  diploid  (Fig.  4A,B;  data  not  shown). 

Wnt-1  TG  p53  -  /  -  tumors  fell  into  two  groups  on  the 
basis  of  karyotyping  (Fig.  4C,D).  Three  tumors  yielded  a 
very  high  percentage  of  cells  with  grossly  abnormal  kary¬ 
otypes,  mostly  subtetraploid  (e.g..  Fig.  4C).  As  is  evident 
from  the  metaphase  spread  illustrated  in  Figure  4f,  cells 
from  some  of  these  tumors  demonstrated  dicentric  chro¬ 
mosomes  and  chromosomes  with  homogenously  stain¬ 
ing  regions,  suggesting  gene  amplification,  in  addition  to 
increased  chromosome  numbers.  The  other  three  tumors 
from  Wnt-1  TG  p53  -  /  -  animals  displayed  karyotypes 
similar  to  those  from  tumors  with  a  wild-type  p53  geno¬ 
type  (e.g..  Fig.  4D).  In  one  case,  however,  >20%  of  the 
cells  were  tetraploid,  whereas  in  another  case  nearly 
30%  of  the  cells  had  39  chromosomes  (data  not  shown). 
Thus,  a  deficiency  of  p53  strongly  predisposes  cells  in 
mammary  tumors  to  aneuploidy,  but  is  not  sufficient  to 
produce  it. 

We  also  inspected  metaphase  spreads  from  four  tu¬ 
mors  arising  in  Wnt-1  TG  p53  4-  /  -  animals  (Fig.  4E-H). 
The  karyotypes  of  cells  from  two  of  these  tumors  were 
not  distinguishable  from  tumors  arising  in  a  normal  p53 
background.  Over  80%  of  metaphases  were  diploid,  and 
—  10%  were  tetraploid  with  80  chromosomes  (Fig.  4G,H). 
One  of  these  two  tumors  retained  the  normal  p53  allele 
in  most  or  all  cells,  but  the  other  had  undergone  loss  of 
heterozygosity,  again  demonstrating  that  the  absence  of 
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Figure  4.  Karyotypes  of  cultured  tumor 
cells  from  Wnt-1  TG  mice  with  intact  or 
defective  p53  alleles.  Metaphase  spreads 
were  prepared  as  described  previously  (Al- 
daz  et  al.  1992).  Chromosome  numbers 
were  determined  in  at  least  25  different 
spreads  from  cultured  cells  from  each  tu¬ 
mor.  Percentages  of  tumor  cells  with  given 
chromosome  numbers  from  representative 
tumors  are  shown.  {A,B]  Representative 
Wnt-1  TG  p53  +  /  -\-  tumors;  {C,D]  repre¬ 
sentative  Wnt-1  TG  p53-/—  tumors; 
[E,F]  tumors  from  Wnt-1  TG  p53-\-/-‘ 
mice  with  loss  of  wild-type  p53  allele;  (G) 
tumor  from  Wnt-1  TG  p53-^/-  mouse 
with  retention  of  the  wild-type  p53  allele; 
[H]  tumor  from  Wnt-1  TGp53  +  /-  mouse 
with  LOH;  [I]  typical  metaphase  spread  of 
a  tumor  cell  with  a  diploid  karyotype  from 
a  Wnt-1  TG  p53  +  /+  female  photo¬ 
graphed  after  Giemsa  trypsin  staining;  (/) 
typical  metaphase  spread  of  tumor  cell 
with  a  hypotetraploid  karyotype  from  a 
Wnt-1  TG  p53- /  ~  tumor  photographed 
after  DAPl  staining.  A  dicentric  chromo¬ 
some  is  indicated  by  the  arrowhead. 
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p53  from  mammary  tumor  cells  does  not  mandate  ane- 
uploidy.  The  other  two  Wnt-1  TG  p53  +  /-  tumors 
showed  extensive  aneuploidy,  with  a  wide  distribution 
of  chromosome  numbers,  suggesting  that  the  tumor  cell 
population  was  heterogeneous  and  continuing  to  evolve 
at  the  time  the  animal  was  sacrificed  (Fig.  4E,F).  Both  of 
these  tumors  had  lost  the  wild- type  p53  allele  from  the 
majority  of  cells,  as  judged  by  Southern  blotting  (data  not 
shown),  suggesting  that  the  absence  of  p53  contributes  to 
karyotypic  instability. 

Comparative  genomic  hybridization  and  Southern  blot 
hybridization  provide  further  evidence  of  genomic 
instability  in  p53-deficient  tumors 

To  complement  the  cytogenetic  data  and  to  identify  re¬ 
curring  regions  of  chromosomal  change  in  the  Wnt-1  TG 
mammary  tumors,  we  employed  the  comparative  geno¬ 
mic  hybridization  (CGH)  technique  (Kallioniemi  et  al. 
1992).  This  procedure  detects  regions  of  increases  and 
decreases  in  DNA  copy  number  throughout  the  entire 
genome  of  a  tumor  cell.  This  is  achieved  by  differential 
fluorescent  labeling  of  total  genomic  DNA  samples  from 
a  tumor  and  from  normal  tissue.  These  two  DNAs  are 
hybridized  to  metaphase  spreads  of  normal  mouse  chro¬ 
mosomes.  Chromosomal  regions  showing  losses  and 
gains  in  the  tumor  can  be  recognized  as  decreases  and 
increases,  respectively,  in  the  intensity  of  fluorescence 
from  the  tumor  DNA  relative  to  that  from  the  normal 
DNA.  Two  examples  of  the  results  of  such  hybridiza¬ 
tions  are  illustrated  in  Figure  5.  In  the  first  example,  the 
tumor  shows  many  changes  by  CGFI  (Fig.  5A,B),  and  in 
the  other,  a  single  change  is  observed  (Fig.  5C,D).  The 
abnormalities  from  all  of  the  tumors  examined  are  sum¬ 
marized  in  Table  1. 

Four  of  the  six  Wnt-1  TG  p53  +  /  +  mammary  tumors 
examined  by  CGH  had  no  detectable  abnormalities,  and 
the  other  two  had  only  a  single  chromosomal  alteration. 
Similarly,  two  of  four  tumors  from  p53  heterozygous 
mice  that  retained  the  wild- type  p53  allele  did  not  have 
detectable  abnormalities,  whereas  two  others  displayed 
one  or  three  subchromosomal  decreases  in  DNA  copy 
number.  These  findings  are  consistent  with  the  low  level 
of  aneuploidy  observed  in  such  tumors  by  standard 
karyotyping. 

In  contrast,  all  seven  of  the  Wnt-1  TG  p53-/-  tu¬ 
mors  showed  at  least  one  chromosomal  abnormality, 
and  some  exhibited  multiple  changes.  Furthermore,  the 
eight  tumors  that  lost  the  wild-type  p53  allele  while  de¬ 
veloping  in  Wnt-1  TG  p53  +  /  -  mice  showed  the  most 
chromosomal  instability.  Seven  of  the  tumors  displayed 
at  least  three  regions  of  DNA  gain  or  loss,  and  one  tumor 
(W166;  Fig.  5A,B)  had  10  detectable  genetic  changes.  The 
Wnt-1  TG  p53  +  /  -  tumors  with  p53  LOH  averaged  4.2 
detectable  chromosomal  abnormalities  per  tumor.  In 
contrast,  tumors  that  developed  in  Wnt-1  TG  p53-^/  + 
mice  or  in  Wnt-1  TG  53-1-/-  without  LOH  averaged 
only  0.33  and  1.0  abnormalities  per  tumor.  An  average  of 
1.7  chromosomal  abnormalities  was  observed  in  the  tu¬ 
mors  from  animals  with  the  Wnt-1  TG  p53-  /  -  geno¬ 


type,  Four  of  the  p53-deficient  tumors  with  CGH  abnor¬ 
malities,  two  from  p53-/-  animals  and  two  from 
p53-l-/-  animals  with  LOH,  were  also  examined  by 
standard  karyotyping.  One  of  each  genotype  revealed  a 
high  level  of  aneuploidy  (see  footnotes  in  Table  1). 

Several  recurring  chromosomal  changes  were  noted  by 
CGH.  As  expected,  many  of  the  Wnt-1  TG  p53  +  /  -  tu¬ 
mors  that  had  lost  their  wild- type  allele  showed  a  loss  of 
DNA  from  chromosome  11,  which  contains  the  mouse 
p53  locus  (Czosnek  et  al.  1984;  Rotter  et  al.  1984).  Other 
recurring  alterations  in  the  tumors  included  DNA  losses 
from  chromosome  4  (three  tumors),  chromosome  8  (four 
tumors),  chromosome  9  (four  tumors),  chromosome  13 
(five  tumors),  and  the  X  chromosome  (five  tumors).  In¬ 
creases  in  DNA  were  also  observed  for  chromosome  7 
(two  tumors)  and  chromosome  10  (two  tumors). 

As  an  adjunct  to  CGH,  we  used  genomic  Southern  blot 
hybridization  with  gene-specific  probes  to  ask  whether 
known  proto- oncogenes  were  amplified  in  Wnt-1  TG 
p53-deficient  tumors.  Probes  for  three  loci  known  to  be 
amplified  in  some  human  mammary  tumors — c-myc  (Es- 
cot  et  al.  1986),  neu  (Slamon  et  al.  1987),  and  int-2/FGF3 
(Lidereau  et  al.  1988) —  were  used  to  test  tumor  DNAs 
from  18  Wnt-1  TG  p53  -  /  —  animals  and  from  6  Wnt-1 
TG  p53  -¥  /  ~  animals  whose  tumors  had  lost  the  wild- 
type  p53  allele  (Fig.  6A;  data  not  shown). 

In  tumor  B  from  animal  W177,  the  int-2/FGF3  locus 
was  increased  to  about  six  to  eight  copies  per  cell.  This 
change  was  consistent  with  the  CGH  profile  for  tumor 
177B,  which  showed  only  one  abnormality:  increased 
representation  of  DNA  from  the  distal  portion  of  mouse 
chromosome  7,  the  chromosomal  location  of  int-2/FGF3 
(Fig.  5C,D).  A  second  tumor  that  arose  independently  in 
this  animal  (177A)  did  not  show  these  changes  by  CGH 
or  Southern  blot  hybridization  (Table  1;  Fig.  6A). 

In  some  human  breast  tumors,  the  int-2/FGF3  region 
is  amplified,  and  the  amplified  domain  includes  the 
linked  genes  hst/FGF4  and  PRAD-1  / cyclin  Dl,  Because 
PRAD-l/cyclin  D1  is  the  only  one  of  these  three  loci 
expressed  in  such  tumors,  the  cyclinDl  gene  rather  than 
either  FGF  gene  is  believed  to  be  contributing  to  carci¬ 
nogenesis  (Lammie  et  al.  1991).  However,  several  kinds 
of  experiments  suggest  that  ectopic  expression  of  FGF 
genes  can  synergize  with  Wnt-1  to  promote  mouse  mam¬ 
mary  tumors  (Peters  et  al.  1986;  Kwan  et  al.  1992;  Shack¬ 
leford  et  al.  1993).  When  we  measured  int-2/FGF3,  hst/ 
FGF4,  or  PRAD-l/cyclin  D1  RNAs  in  tumor  W177B  and 
in  several  other  tumors,  int-2/FGF-3  RNA  was  abundant 
in  W177B  but  undetectable  in  other  tumors  (Fig.  6B). 
Equally  low  levels  of  hst/FGF4  and  PRAD-l/cyclin  D1 
RNA  were  observed  in  all  of  the  samples  (data  not 
shown).  These  findings  suggest  that  activated  expression 
of  int-2/FGF-3  (by  an  unknown  mechanism)  accompa¬ 
nied  by  amplification  of  the  gene  (perhaps  facilitated  by 
p53  deficiency),  participated  in  the  oncogenic  process  in 
tumor  177B. 

Discussion 

Abnormalities  of  p53  are  common  in  human  breast  can- 
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Figure  5.  Representative  comparative  genomic  hybridization  images  and  fluorescence  ratio  profiles.  (A)  Composite  digital  image  from 
CGH  analysis  of  tumor  W166  [Wnt-l  TG  p53  +  /  -  tumor  that  had  lost  the  wild-type  p53  allele).  Tumor  genomic  DNA  hybridization 
signal  is  displayed  in  green,  normal  genomic  DNA  in  red,  and  the  normal  male  metaphase  target  chromosomes  in  blue.  Regions  of 
relatively  green  fluorescence  indicate  increased  copy  number  of  these  sequences  in  the  tumor,  and  red  regions  indicate  decreases  of 
copy  number  relative  to  the  average  for  the  tumor.  Blue  regions  of  the  target  chromosomes  contain  repeated  satellite  sequences  where 
hybridization  is  blocked  by  unlabeled  Cot-1  DNA.  Those  chromosomes  containing  regions  of  variant  copy  number  are  labeled  in  the 
image.  The  specimen  is  from  a  female  mouse,  and  the  normal  DNA  is  male  so  that  the  X  chromosome  appears  green  and  the  Y 
chromosome  appears  red.  [B]  Profiles  of  the  green  to  red  fluorescence  intensity  for  each  of  the  chromosomes  from  tumor  W166.  The 
heavy  lines  show  the  average  of  profiles  from  several  chromosomes  of  each  type  (indicated  by  the  n  value  next  to  each  profile);  the  thin 
lines  show  -l-/±l  s.D.  from  the  mean.  The  lengths  of  the  profiles  are  arbitrarily  normalized  and  are  not  accurately  proportional  to 
chromosome  length.  The  regions  of  variant  copy  number  are  indicated  under  the  individual  profiles  and  correspond  to  those  shown 
in  Table  1.  (C)  Composite  digital  image  from  the  analysis  of  a  Wnt-1  TG p53-/-  tumor,  W177B.  [D]  Ratio  profiles  of  tumor  W177B. 
The  only  significant  variation  is  on  the  distal  portion  of  chromosome  7  corresponding  to  the  green  region  of  the  image  in  C. 
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Table  1.  Comparative  genomic  hybridization  of 
tumor  DNAs 


Wnt-1  tumor 
genotype 

Tumor 

Modal  karyotype^ 

p53  *f  /  -f 

1269 

normal 

1370 

normal 

1477 

normal 

1498 

inc  8(A) 

1562 

dec  X(D-F) 

MMT19‘’ 

normal 

p53  +  /- 

W15 

normal 

(no  p53  LOH) 

V^08A 

normal 

W21B 

dec  3(E-H);  dec  7(C-F); 
dec  13(A5-D) 

W55 

dec  9(B-F) 

p53  +  /- 

W32 

dec  8(A1-E2);  dec  9(E3-F4)i 

(p53  LOH) 

dec  X(E-F4) 

W108 

dec  4(B-E);  dec  8(B-E);  dec  11 

W139 

inc  l(B-H);  dec  11; 
dec  13(A5-D);  dec  14(C3-E) 

W165 

dec  11(A5-E| 

W166 

dec  4(B1-E2);  dec  9(A5-F4); 
inc  10(B1-B5);  dec 

10(C1-D3);  dec  12(A3-F2); 
dec  13(A4-D);  dec 

14(C3-E5);  inc  14(A1-C2); 
dec  17(A3-E5);  dec 

18(A2-E4) 

W126 

dec  4(D-E);  dec  9;  dec  10; 
dec  11;  dec  13;  dec  16 

MMT14^ 

dec  8;  inc  10;  dec  14(C-E); 
dec  15(D-E) 

MMT25^ 

dec  lO(B-D);  dec  ll(C-E); 
dec  13(B-D) 

p53-/- 

W121 

decX 

W180 

dec  2(G-H) 

W177A 

dec  X(D-F) 

W177B 

inc  7F 

W154 

inc  2H;  inc  14B;  dec  X 

MMT12^ 

inc  lO(A-B) 

MMT27‘’ 

inc  7(A-F);  dec  16(C-G) 

^Tumor  DNAs  were  analyzed  by  comparative  genomic  hybrid¬ 
ization  (Kallioniemi  et  al.  1992).  Chromosomal  abnormalities 
are  indicated  dec  for  DNA  copy  number  decreases  and  inc  for 
DNA  copy  number  increases,  followed  by  the  mouse  chromo¬ 
some  number.  Subchromosomal  regions  affected  by  these 
changes  are  indicated  in  parentheses  by  uppercase  letters.  Each 
letter  represents  a  band  visible  by  DAPI  staining;  A  is  the  band 
closest  to  the  centromere. 

^Tumor  diploid  by  karyotyping. 

^Tumor  aneuploid  by  karyotyping. 


cer  (Greenblatt  et  al.  1994),  yet  mammary  tumors  have 
rarely  been  encountered  in  mice  with  null  alleles  at  the 
p53  locus  (Donehower  et  al.  1992;  Jacks  et  al.  1994;  Pur- 
die  et  al.  1994)  or  with  mutant  p53  transgenes  (Lavigueur 
et  al.  1989).  To  examine  the  role  of  p53  in  mammary 
tumorigenesis  in  an  animal  model,  we  have  introduced  a 
Wnt-1  transgene,  known  to  induce  mammary  hyperpla¬ 
sia  and  a  strong  predisposition  to  mammary  cancer,  into 
mice  bearing  one  or  two  copies  of  a  targeted  null  muta¬ 


tion  of  p53.  Two  major  findings  with  the  progeny  of  this 
cross  strongly  support  our  conclusion  that  a  deficiency  of 
p53  influences  the  formation  of  mammary  tumors  in  the 
presence  of  the  Wnt-1  transgene:  (1)  Tumors  arise  much 
earlier  in  animals  that  do  not  inherit  an  intact  p53  gene 
(Fig.  1),  and  (2)  tumors  that  develop  in  animals  constitu- 
tively  heterozygous  at  the  p53  locus  often  show  loss  of 
heterozygosity  (Fig.  2),  implying  a  selective  growth  ad¬ 
vantage  for  mammary  tumor  cells  in  which  no  func¬ 
tional  p53  gene  remains. 
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Figure  6.  Southern  and  Northern  blotting  analyses  of  Wnt-1 
TG  p53-  /  -  mammary  tumors.  (A)  Gene  amplification  of  the 
int-2/FGF3  locus  in  Wnt-1  TG  p53-  /  -  tumor  W177B.  South¬ 
ern  blotting  was  performed  with  multiple  probes  on  paired  sam¬ 
ples  from  Wnt-1  TG  p53-  !  -  tumors.  At  the  top  of  each  lane, 
the  mouse  identification  number  is  given:  (N)  normal  tail  DNA; 
(MT),  mammary  tumor  DNA.  Subscript  letters  distinguish  in¬ 
dependently  arising  tumors  in  a  single  animal.  The  gene  from 
which  each  probe  is  derived  is  given  at  left.  [B]  Overexpression 
of  int-2/FGF3  in  Wnt-1  TG  p53  -  /  -  mammary  tumor  W177B. 
Northern  blotting  of  RNA  from  Wnt-1  TG  pS3  -  /  -  tumors  was 
performed  with  multiple  probes.  The  gene  from  which  each 
probe  is  derived  is  given  at  left,  and  RNA  sizing  is  at  right. 
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Three  striking  correlations  have  emerged  from  our  ef¬ 
forts  to  understand  the  contribution  that  a  deficiency  of 
p53  might  make  to  the  oncogenic  process  in  these  ani¬ 
mals:  (1)  We  noted  histopathological  differences  between 
tumors  that  retained  and  those  that  lacked  a  p53  gene. 
p53 -Deficient  tumors  were,  in  general,  less  fibrotic,  and 
contained  more  mitotic  and  anaplastic  cells;  (2)  aneu- 
ploidy  was  frequent  in  cells  derived  from  tumors  lacking 
p53  and  much  less  common  in  tumor  cells  that  retained 
p53}  and  (3)  relative  gains  and  losses  of  chromosomal 
DNA,  as  measured  by  CGH,  were  more  common  in  tu¬ 
mors  that  lacked  p53,  especially  in  those  p53 -deficient 
tumors  resulting  from  loss  of  a  wild-type  p53  gene  in  a 
heterozygous  background.  These  findings  imply  that 
there  are  at  least  two  pathogenic  routes  by  which  mam¬ 
mary  tumors  can  arise  in  Wnt-1  transgenic  mice.  In  one, 
p53  continues  to  function,  tumor  cells  show  little  ane- 
uploidy  or  chromosomal  rearrangement,  and  the  tumors 
contain  extensive  fibrosis.  In  the  other,  p53  function  is 
lost,  the  tumor  cell  genome  is  destabilized,  and  the  tu¬ 
mors  are  minimally  fibrotic. 

p53  deficiency  and  the  kinetics  of  tumorigenesis 
We  initiated  the  experiments  described  here  in  hopes  of 


understanding  the  multistep  process  of  carcinogenesis  in 
greater  detail.  Our  results  have  provoked  at  least  two 
perplexing  questions  about  the  number,  timing,  and 
functional  consequence  of  the  events  in  mammary  tum¬ 
origenesis:  (1)  Why  do  tumors  appear  relatively  early  in 
p53-deficient  mice?  and  (2)  why  do  tumors  fail  to  appear 
early  in  heterozygous  mice  when  the  normal  p53  gene 
has  been  eliminated?  We  have  considered  possible  an¬ 
swers  to  these  questions  in  the  context  of  two  models 
that  posit  cell- autonomous  and  non- cell-autonomous 
functions  for  p53  protein  (Fig.  7A,B). 

Loss  of  one  or  more  of  the  cell-autonomous  functions 
previously  proposed  for  the  p53  gene  product  might  fos¬ 
ter  the  development  of  a  tumor  and  thereby  help  to  ex¬ 
plain  the  early  onset  of  tumors  in  Wnt-1  TG  p53  -  /  - 
animals  (Fig.  7A):  (1)  Loss  of  cell-cycle  control  and  ac¬ 
companying  genomic  instability  (Livingstone  et  al.  1992; 
Yin  et  al.  1992;  Harvey  et  al.  1993c)  might  favor  the  more 
rapid  accumulation  of  additional  mutations  necessary 
for  tumor  development;  (2)  changes  in  control  of  p53- 
dependent  transcription  (Farmer  et  al.  1992;  Kem  et  al 
1992)  might  affect  cell  growth  rates  or  other  cell  pro¬ 
cesses;  (3)  resistance  to  apoptosis  (Yonish-Rouach  et  al. 
1991;  Clarke  et  al.  1993;  Lowe  et  al.  1993a,b)  might  in¬ 
crease  cell  numbers  during  tumor  growth,  because  p53- 


A 


+/+ 


+/- 


Wnt-1  growth 
stimulus 


+/- 


0 


© 

0 

0 


No  LOH 


0_* 

apoptosis\ 


LOH 


mammary  gland  cell 

B 


+/+ 


+/- 


Wnt-1  growth 
stimulus 


1  :  :  :  :  n 

genomic 

instability 

1  _ ^  ^  1 

fe) 

Tumor 

(p5^ 

Tumor 


Tumor 


+/- 


© 

© 


>  V 

/® 

pS3^ 


Tumor 


0 - -0 


5n-& 


Tumor 

0 

Tumor 


mammary  gland  cell 


o  o 


Tumor 


Figure  7.  Multistep  models  of  mammary 
tumorigenesis  in  Wnt-1  TG  p53  mice. 
(Squares)  Normal  mammary  gland  epithe¬ 
lial  cells;  (squares  with  rounded  edges)  pre¬ 
neoplastic  cells;  and  (circles)  the  dominant 
cell  population  in  a  tumor.  Arrows  between 
cells  indicate  genetic  or  epigenetic  changes 
that  occur  during  tumor  cell  initiation  and 
progression.  [A]  The  cell-autonomous 
model.  Initially  in  all  Wnt-1  TG  mice,  ec¬ 
topic  expression  of  Wnt-1  protein  in  nor¬ 
mal  mammary  gland  cells  induces  poly¬ 
clonal  hyperplastic  growth.  Further  growth 
stimulation  by  Wnt-1  accompanies  addi¬ 
tional  genetic  or  epigenetic  changes  that 
produce  clonal  tumor  growth.  In  this  model 
the  rate  of  progression  depends  on  the  p53 
status  of  the  initiated  cell.  Cells  that  retain 
wild-type  p53  produce  tumors  at  a  delayed 
rate,  possibly  because  of  a  lower  frequency 
of  genetic  change  and  p53-mediated  apop¬ 
tosis.  [B]  The  non-cell-autonomous  model. 
In  this  model  tumor  cell  progression  is  reg¬ 
ulated  in  part  by  events  extrinsic  to  that 
cell  that  will  give  rise  ultimately  to  a  tu¬ 
mor.  The  p53  genotype  of  the  host  animal, 
not  the  genotype  of  the  nascent  tumor  cell, 
determines  the  speed  of  tumor  formation. 
It  is  hypothesized  that  surrounding  cells 
that  have  wild-type  p53  {p53-\-/-\-  and 
p53  -t-  /  -  animals)  inhibit  expansion  of  the 
tumor  cell  clone,  whereas  in  p53  -  f  -  ani¬ 
mals  this  inhibitory  effect  does  not  occur. 
Fewer  genetic  changes  may  be  necessary  for 
the  nascent  tumor  cell  in  pS3  -  /  -  animals 
to  form  a  tumor  because  of  the  reduction  of 
inhibition  by  surrounding  cells. 
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mediated  programmed  cell  death  no  longer  counterbal¬ 
ances  Wnt-1 -stimulated  proliferation.  Although  we  have 
provided  considerable  support  for  the  first  of  these  three 
explanations,  we  have  not  yet  tested  directly  for  contri¬ 
butions  by  the  latter  two.  Moreover,  we  have  identified 
only  a  single  specific  mutation,  amplification  of  int-2f 
FGF-3  in  tumor  177B,  that  is  likely  to  participate  in  car¬ 
cinogenesis,  despite  abundance  evidence  for  genomic 
instability. 

These  proposed  effects  of  p53  on  cell  growth  are  not, 
however,  sufficient  to  account  for  the  observation  that 
p53  LOH  failed  to  accelerate  the  development  of  tumors 
in  Wnt-1  TGp53  +  /  -  animals.  Perhaps  the  simplest  ex¬ 
planation  for  this  observation  is  that  p53  LOH  is  a  late 
event  in  this  tumorigenesis  model.  This  hypothesis  can 
be  tested  further  by  comparison  of  the  frequency  of  p53 
LOH  as  a  function  of  tumor  size.  A  non-cell-autonomous 
model  is  presented  in  Figure  7B  to  account  for  the  para¬ 
doxical  finding  that  Wnt-1  TG  p53  +  /-  tumors  with 
LOH  display  more  evidence  of  genomic  instability  than 
Wnt-1  TG  p53-/-  tumors.  Wnt-1  TG  p53-  /  -  mice 
might  develop  mammary  tumors  earlier  than  their 
Wnt-1  TGp53-\-/-  and  Wnt-1  TGp53-^/-^  counter¬ 
parts  because  of  a  permissive  environment  afforded  by 
p53-/-  cells  surrounding  nascent  tumor  cells.  Con¬ 
versely,  p53-containing  cells  that  surround  neoplastic 
cells,  including  p53- deficient  tumor  cells,  might  provide 
an  inhibitory  influence  and  retard  growth  of  the  tumor 
clone,  demanding  that  the  clone  undergo  further  muta¬ 
tions  to  overcome  the  inhibition. 

The  idea  that  normal  cells  surrounding  a  transformed 
cell  can  influence  its  growth  potential  has  been  demon¬ 
strated  previously  both  in  vitro  and  in  vivo,  as  assayed  by 
focus  formation  in  primary  rodent  fibroblasts  (Land  et  al. 
1983)  and  by  tumorigenic  potential  of  mixtures  of  nor¬ 
mal  and  preneoplastic  mammary  cells  (Medina  et  al. 
1978).  Such  a  model  implies  that  wild- type  p53  may  have 
an  extracellular  inhibitory  role  in  growth  control,  in  ad¬ 
dition  to  its  well-characterized  intracellular  effects.  For 
example,  wild-type  p53  was  shown  to  stimulate  expres¬ 
sion  of  thrombospondin- 1,  a  potent  inhibitor  of  angio¬ 
genesis  (Dameron  et  al.  1994). 


p53  and  genomic  stability 

Our  findings  of  aneuploidy  and  CGH  abnormalities  in 
mammary  tumors  in  conjunction  with  p53  deficiency 
are  consistent  with  previous  reports  that  the  lack  of  p53 
predisposes  cultured  cells  to  aneuploidy  and  amplifica¬ 
tion  of  selectable  genes  (Livingstone  et  al.  1992;  Yin  et 
al.  1992).  By  extending  these  observations  to  a  tumor 
model  in  an  intact  animal,  we  provide  support  for  the 
hypothesis  that  p53  deficiency  contributes  to  carcino¬ 
genesis  by  promoting  chromosomal  rearrangements  that 
favor  tumor  cell  growth.  But  the  findings  also  emphasize 
the  importance  of  two  largely  unresolved  questions, 

L  What  is  the  mechanism  by  which  p53  protects  a  cell 
from  genomic  instability^  p53  is  believed  to  defend 


cells  from  premature  entry  into  the  S  phase  of  the  cell 
cycle,  an  idea  that  has  been  especially  well- documented 
after  exposure  of  cells  to  genotoxic  agents  (Kastan  et  al. 
1991,  1992;  Lu  and  Lane  1993).  Failure  to  block  passage 
through  the  cell  cycle  could  result  in  permanent  genetic 
change  if  the  genome  has  been  assaulted  by  radiation  or 
chemical  mutagens,  without  sufficient  opportunity  for 
repair.  Deficiency  of  p53  per  se  does  not  produce  chro¬ 
mosomal  abnormalities  because  mice  carrying  targeted 
germ-line  mutations  of  p53  can  develop  normally  despite 
a  total  absence  of  p53  protein  (Donehower  et  al.  1992; 
Jacks  et  al.  1994;  Purdie  et  al.  1994).  Also,  some  mam¬ 
mary  tumors  from  p 53 -deficient  animals  are  composed 
largely  of  diploid  cells  with  relatively  few  abnormalities 
seen  by  CGH  (Fig.  5).  However,  the  absence  or  loss  of  p53 
causes  a  predisposition  to  genomic  instability  in  estab¬ 
lished  cell  lines  and  in  cultured  fibroblasts  from  p53- 
deficient  animals  (Bischoff  et  al.  1990;  Livingstone  et  al. 
1992;  Yin  et  al.  1992;  Harvey  et  al.  1993c),  and  we  have 
observed  a  higher  frequency  of  aneuploidy  and  abnormal¬ 
ities  detectable  with  CGH  in  p53-deficient  tumors  (Figs. 
4  and  5;  Table  1).  The  factors  that  provoke  genomic  in¬ 
stability  in  p 53 -deficient  cells  remain  unknown.  Their 
identity  might  be  useful  in  considering  both  the  origins 
and  treatment  of  cancers. 

2.  What  are  the  specific  genetic  consequences  of  p53 
deficiency  that  promote  the  growth  of  tumor  cellsi  In 
at  least  one  instance,  tumor  177B,  we  were  able  to  pro¬ 
vide  some  answer  to  this  question,  because  the  amplified 
DNA  included  a  gene,  int-2/FGF-3,  that  is  known  from 
several  other  kinds  of  experiments,  to  collaborate  with 
Wnt-1  when  expressed  ec topically  in  mammary  tissue 
(Peters  et  al.  1986;  Kwan  et  al.  1992;  Shackleford  et  al. 
1993).  The  increases  and  decreases  of  several  other  chro¬ 
mosomal  domains  may  also  be  functionally  important, 
because  the  changes  were  encountered  in  multiple  tu¬ 
mors  or  because  the  domains  are  syntenic  with  those 
implicated  in  human  or  experimental  tumors.  Recurring 
decreases  in  DNA  occurred  on  chromosomes  4,  8,  9,  11, 
13,  and  X,  arguing  that  the  genomic  instability  in  this 
model  is  at  least  partially  nonrandom  and  may  represent 
genetic  events  that  provide  a  selective  growth  advantage 
during  tumor  progression.  The  role  such  genomic  losses 
play  in  the  progression  of  mammary  cancer  remains  to 
be  elucidated.  However,  the  largely  normal  karyological 
and  CGH  patterns  observed  in  tumors  that  retain  p53 
show  that  the  abnormalities  detectable  with  these  meth¬ 
ods  are  not  absolutely  required  for  Wnt-1 -promoted  tu¬ 
morigenesis.  In  addition,  it  should  be  noted  that  in¬ 
creased  genomic  instability  did  not  necessarily  correlate 
with  accelerated  tumorigenesis,  as  the  Wnt-1  TG 
p53  -\-  /  -  tumors  with  LOH  displayed  the  greatest  num¬ 
bers  of  karyotypic  abnormalities  but  did  not  show  an 
increase  in  rate  of  formation  in  comparison  to  Wnt-1  TG 
p53  tumors  and  Wnt-1  TG  p53  +  /  -  tumors  with¬ 
out  LOH.  This  lack  of  correlation  suggests  that  genomic 
instability  may  provide  a  selective  advantage  during  tu¬ 
mor  progression,  but  does  not  necessarily  affect  the  rate 
at  which  the  tumors  appear. 
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Furthei  definition  of  multistep  mammary 
tumorigenesis 

Our  work  demonstrates  that  the  proto-oncogene  Wnt-1 
and  the  tumor  suppressor  gene  p53  can  collaborate  to 
produce  mammary  cancers  in  mice,  but  it  is  evident 
from  the  kinetics  of  appearance  of  new  tumors  that  other 
events  are  required.  We  presume  these  to  be  mutations, 
at  least  some  of  which  are  represented  by  the  genomic 
abnormalities  observed  by  CGH.  Moreover,  we  do  not 
know  how  many  mutations  are  required,  how  many  on¬ 
cogenic  combinations  of  mutations  are  possible  (even  in 
the  limited  context  of  a  Wnt-1 -stimulated,  hyperplastic 
mammary  gland),  or  what  constraints  are  placed  on  the 
order  in  which  the  mutations  occur. 

Multistep  carcinogenesis  has  been  documented  in 
some  human  cancers  (Fearon  and  Vogelstein  1990)  and 
often  involves  the  p53  gene  (Greenblatt  et  al.  1994).  p53 
mutations  have  been  associated  with  genomic  instabil¬ 
ity  during  tumor  development  in  at  least  one  clinical 
setting,  esophageal  cancer  (Neshat  et  al.  1994),  although 
in  general  human  tissues  are  difficult  to  obtain  at  differ¬ 
ent  stages  of  tumorigenesis  in  a  single  patient  or  in  a 
genetically  homogeneous  population.  For  this  reason, 
many  laboratories  are  using  mouse  models  to  explore 
multistep  models  for  carcinogenesis  (Cardiff  and  Muller 
1993;  Kemp  et  al.  1993;  Christofori  and  Hanahan  1994). 
Some  of  these  models  incorporate,  as  ours  has  done,  a 
gene  that  is  frequently  mutated  in  the  same  type  of  can¬ 
cer  in  human  patients  (Dietrich  et  al.  1993;  Oltvai  and 
Korsmeyer  1994).  It  is  evident  from  recent  work  with 
such  models  that  important  physiological  events — such 
as  augmented  angiogenic  activity  (Kandel  et  al.  1991; 
Shing  et  al.  1993;  Fidler  and  Ellis  1994)  or  a  diminished 
rate  of  apoptosis  (Symonds  et  al.  1994) — can  have  major 
consequences  during  tumor  progression.  The  Wnt-1 
transgenic  model  has  special  advantages  in  this  regard, 
because  it  is  possible  to  examine  mammary  tissue  at 
several  stages  of  tumor  development,  ranging  from  early 
hyperplasia  to  metastatic  growth  (Tsukamoto  et  al. 
1988).  It  will  now  be  important  to  ask  whether  changes 
in  angiogenic  and  apoptotic  activity  accompany  the 
changes  we  have  described  here  in  histology,  genomic 
composition,  and  integrity  of  specific  genes. 

Materials  and  methods 

Mice 

The  Wnt-1  TG  mice  used  in  the  crosses  described  here  were  the 
offspring  of  two  Wnt-1  TG  males  from  line  303  described  pre¬ 
viously  (Tsukamoto  et  al.  1988).  These  mice  were  of  mixed 
SJLXC57/BL/6  genetic  background.  The  p53-deficient  mice 
were  from  a  pure  129/Sv  line  of  mice  containing  one  or  two 
germ-line  p53  null  alleles  (Harvey  et  al.  1993b).  The  two  Wnt-1 
males  were  crossed  to  heterozygous  (p53-l-  /  - )  129/Sv  females 
to  derive  F^  mice  of  four  possible  genotypes  (p53  +  /  -I- ;  Wnt-1 
TGp53-f-/  +  ;  p53-h/-;  Wnt-1  TGp53  +  /-).  Fip53H-/-  fe¬ 
males  were  crossed  to  Fj  Wnt-1  TG  p53  -f  /  —  males  to  obtain  F2 
mice  that  carried  any  of  the  Wnt-1  TG  p53  genotypes  found  in 
the  Fj  population  as  well  as  Wnt-1  TG  p53  -  /  -  or  p53  -  /  - .  To 
obtain  larger  numbers  of  mice  with  p53  -  /  -  genotypes  with  or 


without  the  Wnt-1  transgene,  F2  p53  -  /  -  females  were  mated 
to  Wnt-1  TG  p53  —  /  —  males.  All  of  the  mice  were  monitored 
visually  twice  weekly  for  the  appearance  of  tumors  for  up  to  1 
year.  When  a  tumor  of  —0.5  cm  in  diameter  was  detected,  the 
age  of  the  mouse  was  recorded  and  used  to  generate  the  Kaplan- 
Meier  plots  in  Figure  1.  Once  a  tumor  reached  1.5-2  cm  in 
diameter,  the  tumor-bearing  mouse  was  sacrificed,  and  tissue 
sections  removed  for  histopathology.  The  remainder  of  the  tu¬ 
mor  was  frozen  at  -  70°C  for  nucleic  acid  analyses. 

Nucleic  acid  isolation  and  analysis 

We  determined  the  p53  and  Wnt-1  genotypes  of  the  offspring 
from  the  crosses  by  use  of  methods  described  previously  (Tsuka¬ 
moto  et  al.  1988;  Donehower  et  al.  1992;  Harvey  et  al.  1993a). 
To  determine  the  coding  sequence  of  the  remaining  p53  allele  in 
Wnt~l  TG  p53  -\-  /  -  mammary  tumors  that  did  not  show  LOH, 
total  cellular  RNA  from  a  small  tissue  segment  from  each  of 
four  tumors  was  prepared  using  the  RNAzol  B  kit  (Tel-Test, 
Inc.)  according  to  the  manufacturer's  instructions.  We  then 
used  reverse  transcriptase-PCR  (with  the  RT-PCR  kit  from  Per- 
kin-Elmer  Cetus)  to  amplify  thep53  cDNA  from  the  four  tumor 
RNAs. 

Initially,  the  amplification  primers  used  were  derived  from 
exons  4  and  10  of  the  mouse  cDNA,  and  these  amplified  exons 
5-9  of  the  murine  p53  gene.  The  nucleotide  sequences  of  these 
primers  were  5'-CAGTCTGGGACAGCCAAGTC-3'  (exon  4) 
and  5'-CTCCCGGAACATCTGGAAGC-3'  (exon  10).  The  am¬ 
plified  exon  4—10  fragments  were  purified  from  a  low- tempera¬ 
ture  agarose  gel  following  electrophoresis,  treated  with  Klenow 
polymerase  and  T4  polynucleotide  kinase,  and  then  ligated  into 
the  plasmid  cloning  vector  Bluescript  II  (Stratagene)  at  the  Smal 
site.  Sequencing  was  performed  on  the  Applied  Biosystems  au¬ 
tomated  sequencer  with  the  SP6  and  T7  universal  sequencing 
primers  adjacent  to  the  insertion  site.  Standard  dideoxy  se¬ 
quencing  with  the  Sequenase  sequencing  kit  (U.S.  Biochemical) 
was  also  performed  on  parts  of  the  cloned  cDNA  with  two  in¬ 
ternal  primers  from  exons  5  and  9:  5'-CGTGAGACGCTGC- 
CCCCACCATG-3'  (exon  5)  and  5'-TTGCGGGGGAGAG- 
GCGCTTGTGC-3'  (exon  9). 

Subsequently,  fragments  containing  the  remainder  of  the  p53 
coding  exons  were  also  obtained  by  amplifying  exons  2-4  and 
exons  10-11.  The  sequences  of  these  primers  used  were  5'- 
GGAATTCGCCATGGAGGAGTCACAGTCG-3'  (exon  2);  5'- 
GCAGAATAGCTTATTGAGGGGAGG-3'  (exon  5);  5'-GCG- 
CAAAGAGAGCGCTGCCC-3'  (exon  8-9);  5'-CCCAAGCT- 
TCAGTCTGAGTCAGGCCCCAC-3'  (exon  11). 

Karyotype  analysis 

Cytogenetic  preparations  were  obtained  essentially  as  described 
in  Aldaz  et  al.  (1992). 

Comparative  genomic  hybridization 

Comparative  genomic  hybridization  was  performed  essentially 
as  described  in  Kallioniemi  et  al.  (1992).  Briefly,  tumor  genomic 
DNA  and  normal  genomic  DNA  were  labeled  with  biotin  14 
dATP  (GIBCO-BRL)  and  digoxigenin-ll-dUTP  (Boehringer 
Mannheim)  by  nick  translation  or  random  priming.  Double 
stranded  labeled  DNA  with  a  fragment  size  distribution  of  600- 
1000  bp  gave  optimal  signals  if  labeled  by  nick  translation.  The 
size  distribution  was  between  150  and  500  bp  when  random 
primer  labeling  was  used.  Random  priming  was  used  in  most  of 
this  work  because  it  required  less  input  DNA  and  more  reliably 
produced  good  hybridization  signals.  Labeled  tumor  and  normal 
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genomic  DNAs  (60-1  OOng)  and  unlabeled  mouse  Cot-1  DNA 
(GEBCO-BRL)  (10-20  |xg)  were  coprecipitated  and  dissolved  in 
10  fjil  of  hybridization  solution  to  obtain  a  final  composition  of 
50%  formamide,  10%  dextran  sulfate,  and  2x  SSC  (pH  7).  This 
mixture  was  heated  to  70°C  for  5  min  to  denature  the  DNAs  and 
incubated  at  37®C  for  5-30  min.  Normal  mouse  metaphase 
chromosomes  prepared  from  fibroblast  cultures  were  denatured 
at  80-85°C  in  70%  formamide,  2x  SSC,  for  5  min  and  dehy¬ 
drated  through  an  ethanol  series.  The  hybridization  mixture 
was  applied  to  the  slides,  the  coverslip  sealed  with  rubber  ce¬ 
ment,  and  the  slide  incubated  at  37°C  for  4-5  days.  After  hy¬ 
bridization,  the  slides  were  washed  and  stained  with  a  single 
layer  of  avidin-FITC  (Vector  Laboratories]  and  anti-digoxige- 
nin-rhodamine  (Boehringer  Mannheim).  Slides  were  counter- 
stained  with  0. 1-0.2  |xM  DAPI  in  an  antifade  solution.  The  low 
DAPI  concentration  produced  sufficient  banding  to  permit  iden¬ 
tification  of  the  mouse  chromosomes. 

Digital  images  of  each  of  the  fluorochromes  in  the  specimens 
were  obtained  under  computer  control  with  a  fluorescence  mi¬ 
croscope  equipped  with  a  CCD  camera.  Profiles  of  the  fluores¬ 
cence  intensities  of  the  normal  and  tumor  DNA  hybridization 
signals,  and  the  intensity  ratio  profiles  were  calculated  as  de¬ 
scribed  in  Piper  et  al.  (1995).  The  profiles  were  normalized  so 
that  the  average  value  was  1 .0  for  the  entire  genome.  Chromo¬ 
somal  regions  where  the  ratio  profile  deviated  significantly 
from  the  average  were  classified  as  either  increases  or  decreases 
in  DNA  copy  number. 

Histopathology  of  tumor  tissue 

Histopathology  of  tumor  tissues  was  as  described  previously 
(Medina  1973). 

Southern  blotting  analysis  of  mammary  tumors  for  gene 
amplification 

DNA  was  isolated  from  tail  and  tumor  tissue  and  5  jxg  was 
digested  with  BamHl  as  described  previously  (Donehower  et  al. 
1992;  Harvey  et  al.  1993a).  The  Southern  blot  was  hybridized 
sequentially  with  several  probes  at  the  indicated  temperatures: 
the  420-bp  BamHl  fragment  of  rat  neu  (Bargmann  et  al.  1986)  at 
55°C,  the  2.15-kb  Hindlll  fragment  of  mouse  int-2/FGF3  (Man- 
sour  and  Martin  1988)  at  65°C,  and  the  600-bp  Clal-Hindlll 
fragment  of  human  c-myc  (Stone  et  al.  1987)  at  55°C.  Following 
each  hybridization,  the  blot  was  stripped  of  probe  as  recom¬ 
mended  by  the  manufacturer.  Quantitation  was  performed  with 
a  Phosphorlmager  (Molecular  Dynamics). 

Northern  blotting  analysis  of  mammary  tumors 

Portions  of  each  tumor  were  used  for  RNA  isolation  by  RNazol 
B  reagent  (Tel-Test,  Inc.)  according  to  manufacturer's  protocol. 
One  microgram  of  poly(-A)'^  RNA  was  electrophoresed  through 
a  1%  agarose  formaldehyde  gel  and  transfered  to  Hybond  N 
(Amersham)  in  20  x  SSC.  Hybridizations  were  performed  as  de¬ 
scribed  above.  Additional  probes  and  the  corresponding  hybrid¬ 
ization  temperatures  used  were  the  1.7-kb  BamHl-EcoKl  frag¬ 
ment  of  human  PRAD-1  / cyclin  D1  (Arnold  et  al.  1989)  at  55°C 
and  the  1.6-kb  Hindlll  fragment  of  mouse  hst  /FGF4  (Peters  et 
al.  1989)  at  65°C.  The  blot  was  stripped  following  each  hybrid¬ 
ization,  as  recommended  by  the  manufacturer  and  as  confirmed 
by  autoradiography. 
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